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With a global increase in coastal development, together with increasing storminess and 
continuing sea level rise, coastal erosion has become a serious problem along a significant 
percentage of coastlines of many countries. Coastal erosion and shoreline management plans 
are often implemented on an action-reaction and post-disaster basis, resulting in installation of 
hard engineering structures, such as, groins, seawalls and breakwaters. These hard stabilization 
structures usually alter the natural environment of the coast, producing negative impacts. They 
do little to work with nature, and sustainability is currently a critical issue. 
Under present and future environmental conditions, the world requires smarter coastal 
protection strategies that are adaptable, sustainable, multifunctional and economically viable 
to help solve immediate and predicted coastal erosion problems. An nature-based approach 
based on the creation and restoration of coastal ecosystems, such as wetlands, bio-reef 
structures, seagrass beds and dune vegetation can offer optimal natural alternatives to help 
solve coastal erosion. Coastal ecosystems have some capacity for self-repair and recovery, and 
can provide significant advantages over traditional hard engineering approaches against coastal 
erosion. Compared to traditional hard engineering, nature-based protection can be more cost 
effective, use up less raw materials, increase system adaptability and present opportunities to 
improve ecosystem functioning. Also, they play a vital role in reducing the susceptibility of 
coastal communities to hazards through their multiple roles in processes, including sediment 
capture, system roughness and thus attenuation of wave energy.  
The use of Nature-Based Solutions (NBS) has attracted increasing attention in the context of 
protection against coastal erosion. The present work is focused on studying the current state of 
the several nature-based coastal protection measures worldwide. In order to do that, a research 
of all the data available from the last decades is done to know the readiness of each technology 
to be implemented on a real environment with guarantees. To that intent each solution is going 
to be described through the most relevant experiments and numerical modelling. Then with the 
results it is going to be possible to acknowledge their efficiency and limitations.  
As a method to compare the state  of each NBS, it is proposed to follow the European 
Commission’s Technology Readiness Level (TRL) that estimates the maturity of a technology.  
The success of a given NBS method is also context dependent on local conditions, with 
potentially confounding influences from substrate characteristics, topography, near shore 
bathymetry, distance from the shore and other physical factors and human drivers such as 
development patterns. Furthermore, it is important to better understand the strengths and 
weaknesses of newly developed NBI projects through rigorous evaluations. 
Therefore a SWOT analysis summarizing the strengths, weaknesses, opportunities and threats 




2. NATURE BASED APPROACH 
 
Climate change appears to be linked to sea level rise and the increasing frequency, intensity, 
duration and extent of coastal and inland storms, and periods of drought (Osorio-Cano et al., 
2017). The last several decades have witnessed changes in the frequency of these events 
(extreme temperatures, droughts, heavy rainfall, and tropical and extra-tropical cyclones) with 
prediction intensity ranging from low to very high confidence depending on the type of extreme 
event and region of the globe (De Vriend et al., 2015; Moosavi, 2017; Osorio-Cano et al., 2017). 
The impact on coastal populations is expected to continue due to increasing coastal 
development, degradation of coastal habitats, and climate change (Saleh and Weinstein, 2016).  
The Intergovernmental Panel on Climate Change (IPCC) reports that it is likely that future 
tropical cyclones (typhoons and hurricanes) will become more intense, with larger peak wind 
speeds and more heavy precipitation associated with ongoing increases of tropical sea-surface 
temperatures. Recent global catastrophes such as the Indian Super Cyclone, and Hurricanes 
Katrina, Irene and Sandy have raised awareness of challenges and potential mitigation plans to 
protect people and property.  
Currently, a high percentage of world coastlines experience issues related to coastal erosion. 
Under current conditions of a warming climate and rising sea levels, it is expected that coastal 
erosion processes will shortly reach unmanageable proportions for humanity  (Gracia et al., 
2017; Moosavi 2017). The coastal erosion problem becomes much more significant, as 
coastlines are the ideal place for human concentrations, and the development of different 
productive activities. Present day trends in society (urbanization of delta areas, growing global 
trade and energy demand, stakeholder emancipation, etc.) and in the environment (reducing 
biodiversity, climate change, accelerated relative sea level rise, etc.) put ever higher demands 
on engineering infrastructures (De Vriend et al., 2015; Osorio-Cano et al., 2017).  
The complexity of coastal erosion causes has been addressed worldwide in many studies, and 
interrelationships between anthropogenic influences and natural processes have been 
emphasized. In general terms, coastal erosion processes are produced by factors that can be 
contrasted and include, amongst others: relative sea level rise (RSLR), extreme wave events and 
alteration in the sediment supply, both natural and human induced (Van Wesenbeeck et al., 
2014).  
Most of the world's megacities are situated in the coastal zone where a very particular 
combination of geographic, economic, and historical conditions are still attracting people and 
stimulating different migration processes  (Gracia et al., 2017; Osorio-Cano et al., 2017). Only in 
the last half century the world coastline populations have recorded values close to 3% of the 
annual average standards for urban growth rate. Under current climate change scenarios, it has 
been estimated that along low coastlines, almost 30% of residences, if sited within 200 m from 
the sea, may be severely affected by erosion-related property losses over at least the next 50 
years  (Gracia et al., 2017). Many coastal areas and river basins worldwide are flood prone. 
Keeping the risk of flooding at an acceptable level is an ongoing challenge. Nowadays the range 
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of options to mitigate flood risk is becoming more diverse, varying from non-structural 
measures, such as early warning systems and zoning, to traditional structural measures, such as 
levees, dams, flood detention areas and pumping stations (Van Wesenbeeck  et al., 2014). The 
impact of structural measures on natural processes is large and often results in undesirable side 
effects, such as land subsidence or disturbance of ecosystem functioning and a loss of ecosystem 
services, with large consequences for local communities. Therefore, the potential of more 
nature-based solutions, such as oyster reefs, salt marshes and mangroves, that are thought not 
to have such negative effects on the natural environment, is actively being explored (Van 
Wesenbeeck  et al., 2014; Moosavi, 2017). However, these ecosystems are under threat 
worldwide because of sediment starvation, land reclamation, deforestation  and eutrophication. 
This has resulted in a global loss rate of 1–3% of total area per year (Vuik et al., 2018). 
Coastal erosion management strategy choice must be a function of a series of variables that 
include: erosion severity, property rights, funding/legislation, and aesthetics  (Gracia et al., 
2017). Likewise, management strategies must include the techniques, knowledge, equipment, 
and institutional instruments required to minimize or eliminate coastal erosion related impacts.  
Usually, the protection approach using hard structures is widely perceived as the best coastal 
erosion management strategy, and in many countries this method is the only alternative. 
However, hard structures are not necessarily the most adequate solution, and their negative 
influence has been seen as a critical problem along many coastlines around the world  (Gracia 
et al., 2017). Hard protection approaches can generate adverse effects such as: accelerated 
bottom erosion in front of the structure and downdrift scouring; disturbance of sediment supply 
and beach reduction; alteration of alongshore sediment transport; restricted public access; 
potential risks for bathers; and negative visual effects on the seaside landscape (Figure 1)  









Hard structures are severely challenged in many locations, and are becoming unsustainable due 
to their costly and continual maintenance requirements, as well as any widening and height 
Figure 1: Range of applications along the main axes of given bed slope and hydrodynamic 
energy. Source: de Vriend et al., 2015. 
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increase to keep in step with the increasing coastal erosion risk. Additionally, such structures 
significantly alter the natural adaptive capacity of any coastline  (Gracia et al., 2017).  
An study carried by Van der Nat et al. (2016) exemplifies the amount of nature based solutions 
used on average on the coast. A total 1499 km of coastline of the North-Sea coast of Belgium, 
the Netherlands, and Germany was classified and ranked according to the protection technology 
used by Van der Nat et al. (2016). Dikes are found on 79% of the coastline. These are by far the 
most common structures. The second most common structures are dunes (17%) followed by 
dams (3%) and storm surge barriers (1%) (Van der Nat et al., 2016).  About half of the coastline 
is classified as entirely hard engineered, 4% as entirely nature-based  and less than 1% as entirely 
soft engineered solution or ecologically enhanced hard engineered. Flood protection systems 
consisting entirely of an engineered ecosystem do not exist in this area (Van der Nat et al., 2016). 
The United Nations Environment Programme (UNEP) defined Nature-Based Solutions as “an 
integrated process to conserve and improve ecosystem health that sustains ecosystem services 
for human well-being”, combining two particular actions: develop and/or maintain ecosystems 
quality; and an attempt to ensure in the best way the delivery of different ecosystem services 
to human well-being. 
Recently, a Nature-Based Solutions strategy has been brought into practice as an approach that 
is more cost-effective, and sustainable, than conventional hard protection approaches. 
Management based on habitat diversification can be applied worldwide, particularly in areas 
that have space between existing urbanization and the coastline to allow for ecosystem 
development (for example into accommodation and planned retreat strategies). Because 
ecosystems have the natural ability to reduce extreme wave effects, their growth can keep pace 
with sea level rise by means of sediment accretion if available, and provide other benefits that 
go beyond the realm of the coastal protection (supporting fisheries and tourism, reducing CO2, 
amongst others).  
 
Under current climate change conditions, Nature-Based Solutions  must be incorporated into 
coastal erosion management strategies because services provided by ecosystems, such as 
climate regulation, coastal hazards protection and water purification, are necessary for any 
coastal adaptation and risk reduction scheme.  
A healthy ecosystem has the ability to offer to society a high protection from coastal erosion, 
and, at the same time improve their capacity to cope with the related impacts  (Gracia et al., 
2017; Moosavi 2017).  
Management of the ecosystem can reduce emissions and fix carbon, increasing or maintaining 
adequate stocks in the different ecosystems. Biological carbon sequestration is a useful tool in 
efforts to mitigate climate change and further related coastal erosion impacts (Gracia et al., 
2017). Also, ecosystems can support achievement of other kinds of economic and social 
objectives for coastal communities.  
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Nature-Based Solutions  can help biodiversity and people in adjusting to changing conditions, 
and can be used as a tool to safeguard fragile ecosystems and even create new protected areas. 
This management approach can involve restoration of ecosystems and replication of missing 
ecosystem processes, such as migration or pollination (Gracia et al., 2017). It is important to 
take into account that an increase of biodiversity, does not necessarily contribute to a better 
functioning system.  
Narayan et al. (2016), analyzed costs and benefits of fifty-two coastal erosion management 
nature-based projects around the world, and found that mangroves and salt marshes can be up 
to five times cheaper than a breakwater, and could even become more economic than a series 
of groins. That highlights that a coastal erosion management strategies based on ecosystems is 
strongly linked to competitiveness. An optimal valuation of ecosystem benefits is paramount in 
coastal management and planning, because the loss of profits that may occur with the 
implementation of an inadequate coastal erosion management strategy may be considerable.  
Despite the advantages, it is important to take into account limitations in the implementation 
of Nature-Based Solutions. Perhaps the key point is the “area of application” because 
ecosystems demand space to flourish, and sometimes require more space than conventional 
hard structures. For example, along urbanized coastlines, space availability is minimum or 
sometimes non-existent due to the need for other coastal erosion management strategies 
(Figure 2). Usually, the more space that is available between urbanized areas at risk and the sea, 
the higher the efficiency of the ecosystem solution  (Gracia et al., 2017).  
 
Development of the ecosystem and its functionality depends on the coastal setting, 
hydrodynamics, structure, and habitat dimensions, together with the severity of coastal erosion. 
Knowledge of ecosystem resilience thresholds and the external forcing that generates coastal 
erosion is necessary. These factors must be assessed, particularly given an understanding that 
no linearity exists inside coastal erosion processes  (Gracia et al., 2017). This is confirmed by the 
fact that wave attenuation by coral reefs can be diminished with increasing water depth over a 
reef structure, but during extreme storm surges, the role of this ecosystem in wave attenuation 
may be much reduced (Saleh and Weinstein, 2016).  
Figure 2: A spectrum of different approaches from protection to cohabitation: a) Modified seawall. B) 
Breakwaters with tidal pools, c) Hybrid features with structured, nature-based and natural features and 
elevated buildings. Source: Moosavi et al., 2017. 
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Ecosystems usually have a recovery capacity, but this recovery is not immediate. In some cases, 
recovery can be very slow and can even become lost due to external factors. Extreme events 
can lead to loss of living cover in mangroves, reefs, and other ecosystems (Saleh and Weinstein, 
2016). However, frequency and sequentiality of these extreme events, now modified by climatic 
change conditions, can alter recovery processes and eliminate the ecosystem completely. For 
example, extreme wave events are a natural occurrence and can help in the maintenance of 
wetlands, mangroves, and dunes, but can also lead to more extreme changes in elevation and 
the replacement of ecosystems  (Gracia et al., 2017). The recovery capacity and hence 
ecosystem resilience may also be affected by poor ecosystem health. However, optimal recovery 
rates may be obtained using anthropogenic interventions such as reforestation (Gracia et al., 
2017).  
Currently, knowledge of coastal erosion management by means of ecosystems is, in part, little 
known and less applied and very few studies exist. Gracia et al. (2017) proposed a 
implementation approach is recommended as a good means of enhancing the success of this 
approach which consists of:  
• Maintain and protect existing ecosystems. Restore such damaged or lost systems.  If the 
coastal erosion management is based on ecosystems, establish adequate ecosystems 
where environments are compatible.  
•  Start with small-scale pilot projects.  
•  Utilise interdisciplinary intensive monitoring.  
•  Expand these pilot projects to large-scale projects with a suitably adjusted design and 
application to reality.  
A 100% success rate in coastal erosion management by ecosystems cannot be guaranteed, but 
this high percentage of success is difficult to achieve, even for conventional hard structures that 
are currently being utilized. It is important to take into account that inaccurate public 
perceptions may severely hinder coastal erosion management, especially nature-based 















3. NATURE BASED SOLUTIONS 
 
Two different approaches are followed to classify the different Nature-Based Solutions: 
depending on their position with respect to the mean sea level (emerged, intertidal or 
submerged) and depending on their composition (organic or inorganic). On the latter a 
subdivision was made in order to differentiate from the Zoo-based or the Fito-based. 
 
As it can be seen on Figure 3, the only emerged solution are Dunes. The Smart Sand Nourishment 
is in between the emerged and the ones on the intertidal zone as it is affected constantly by the 
come and go movement of the waves. On the intertidal zone can be found Wetlands, Coral reefs 
and Mangroves. The ones than remain perpetually submerged are Shellfish Reefs and 
Seagrasses. 
 
The other classification (Figure 4) divides the solutions into organic and inorganic. On the 
inorganic group there can be found the Smart Sand Nourishment and the Dunes. On the organic 
group a subdivision can be made in order to differentiate from Zoo-based (animals) and Fito-
based (vegetation). The Zoo-based side includes Shellfish Reef and Coral Reef whereas the Fito-
based is composed by Mangroves, Wetlands and Seagrasses. 
 
The solutions are going to be explained in the next chapters following the classification into 
organic and inorganic ones. 
 
For each solution the more relevant field experiments, numerical modelling and laboratory 
experiments will be described as the conclusions obtained for each one. The aim is to be able to 
give to all the solutions a Technology Readiness Level (TRL). The TRL is a method of 
estimating technology maturity. It is obtained by examine the program concepts, technology 
requirements, and demonstrated technology capabilities. TRL is based on a scale from 1 to 9, 
with 9 being the most mature technology (Table 1).  
 
TECHNOLOGY READINESS LEVEL DESCRIPTION 
TRL 1 Basic principles observed 
TRL 2 Technology concept formulated 
TRL 3 Experimental proof of concept 
TRL 4 Technology validated in lab 
 
TRL 5 Technology validated in relevant environment (industrially relevant 
environment in the case of key enabling technologies) 
TRL 6 Technology demonstrated in relevant environment (industrially relevant 
environment in the case of key enabling technologies) 
 
TRL 7 
System prototype demonstration in operational environment 
TRL 8 System complete and qualified 
 
TRL 9 Actual system proven in operational environment (competitive 
manufacturing in the case of key enabling technologies) 














































































3.1. INORGANIC SOLUTIONS 
 
 
3.1.1. SMART SAND NOURISHMENT 
 
3.1.1.1. Introduction 
Coastline retreat is an evident sign of sediment deficiency caused by coastal erosion and sea 
level rise (SLR). Degradation of dunes, beaches and foreshores poses a severe threat to low-lying 
sandy coasts as it causes flood risks to people living and damage to buildings or infrastructure in 
coastal cities and villages. It also causes loss of recreational beaches and degrades coastal 
landscapes and habitats (Stronkhorst et al., 2017).  
The rate of coastline retreat depends on many factors, such as the geo-hydromorphological 
conditions in the active nearshore coastal zone, the rate of SLR, land subsidence due to tectonic 
movement or groundwater extraction, lowering of the seabed as a result of sand mining etc. 
(Stronkhorst et al., 2017). Additionally, many coasts are affected by adverse effects of reduced 
river sediment supply by the construction of hydropower dams  or the presence of coastal 
infrastructure such as harbor breakwaters, which intercept longshore sediment transport.  
Coastline retreat may seem to take place on a relatively small scale and at a slow rate (typically 
1–10 m per year). However, it is a continuous process that takes place year after year and affects 
many stretches of coast in Europe, the United States, Latin America  and Asia. Coastline retreat, 
therefore, deserves worldwide attention. It was assessed that in SLR scenarios of 0.2–0.8 m by 
the end of the 21st century some 6000–17,000 km2 of beaches and land may be lost globally. 
Consequently, about 1.6–5.3 million coastal inhabitants would be forced to move, resulting in 
migration costs of US $ 300–1000 billion (Stronkhorst et al., 2017). It has been estimated that a 
SLR larger than 1.8 m by the year 2100 is less than 5% probable. Protecting coastal communities 
and their property, infrastructure and economy is therefore of great collective interest, and it 
calls for long-term action by regional or central governments (Stronkhorst et al., 2017).  
Sand nourishments are nowadays widely applied to enhance coastal safety and to increase 
beach width. With the increasing pressure on the coastal zone in terms of population and the 
(projected) relative sea level rise, the number of nourishment projects and the total volume has 
increased greatly, with an increase in annual nourishment volume over all projects combined 
from 1x106 m3/year in the 1920s to 12x106 m3/year in the 1990s (Schipper et al., 2018). The first 
nourishment projects, targeted specific local weak spots along the coast. The added sand was 
mostly placed on dunes or beaches and the success rate of the nourishment was predominantly 
quantified by the proportion of material remaining in the project area over time. The cross-shore 
size of these nourishments (the nourished volumes per meter alongshore) was typically small 
(order of 100 m3 per m) if these were used for beach maintenance (Schipper et al., 2018). 
Following up on these initial beach and dune nourishments, shoreface nourishments have been 
carried out in the last quarter of the 1900s as an economical alternative for some locations. The 
cross-shore size of these nourishments is typically larger, in the order of 400–600 m3/m 
(Schipper et al., 2018). The positive effect of a shoreface nourishment on the beach and dunes 
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can be subdivided into two hypothesized effects: the wave attenuation function and the (cross-
shore) feeder function. The wave attenuation function is formed as waves break on the 
nourishment during storm conditions, thus reducing the wave energy and longshore wave 
driven currents in the upper part of the profile. The second, feeder effect is caused as a gradual 
landward movement of sand is stimulated, thus causing a seaward movement of the coastline.  
Repeated sand nourishments can provide a long-term and cost-efficient solution to coastline 
retreat for some sandy coastal regions. Sand nourishments are usually carried out by dredging 
vessels that collect sand from offshore sandpits and nourish the sand either directly on the 
beach or as a sand buffer on the eroding foreshore. Part of the sediment from foreshore 
nourishments will be transported towards the beach by wave action and then to the dunes by 
aeolian transport (Stronkhorst et al., 2017). Sand nourishments at foreshores, beaches, and 
dunes create an extra sand buffer that dissipates wave energy during storm conditions, 
decreases the frequency of dune overtopping, and therefore contributes to the flood protection 
of inhabitants, property and existing infrastructure on the coast or in its hinterland.  
At present, sandy mitigation strategies using frequent (every 3 to 10 years) beach and shoreface 
nourishments are carried out as the solution for several populated sandy coasts with a structural 
coastal recession. For locations with a large annual sand deficit, however, large quantities of 
sand need to be supplied or frequent re-nourishments are needed. It is questionable whether 
such frequent re-nourishing has not a detrimental effect on the fauna of the nourished site 
(Schipper et al., 2018). Such potential negative effects and the upscaling to a more regional 
approach have given the incentive to look for better methods.  
 
3.1.1.2. Use of Sand Nourishment in coastal protection 
 
3.1.1.2.1. Numerical studies 
Luijendijk et al. (2017) examined the model skill and the processes governing the initial 
morphological response of the Sand Engine project and the adjacent coastline. The area where 
the data was extracted was the Delfland coast, the southern section (16.5 km) of the Holland 
coast between Hoek van Holland and Scheveningen. The nearshore zone is characterized by a 
rather uniform, gradually sloping beach profile with occasionally a nearshore bar. The width of 
the dune area from the dune foot varies from narrow (150–250 m width) in the central section 
of the Delfland coast to very wide (500 m width) at Hoek van Holland. The tide at Scheveningen 
is semi-diurnal with a spring/neap tidal amplitude of 1.98/1.48 m. The tide is asymmetric with 
on average a rising period of 4 hours and 21 minutes, while the falling period lasts for about 8 
hours. This causes asymmetric alongshore velocities with maximum flood tidal currents of 0.7 
m/s (northeast directed) and maximum ebb tidal currents of 0.5 m/s (southwest directed). The 
1 year return period surge level at Hoek van Holland is 2.35 m.  
The Delfland coast consists of sandy beaches with an average median grain size (D50) of 242 μm 
with a standard deviation of about 50 μm. Previous studies on the sediment transport along the 
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Dutch coast indicate a northward longshore transport between 50,000 to 170,000 m3/year at 
the location.  
The process-based model Delft3D is used to hindcast the first year after completion of the 
meganourishment. The model reproduces measured water levels, velocities and nearshore 
waves well.  
Stronkhorst et al. (2017) presented a method using a sand nourishment impact model (Ntool) 
that accounts for repeated sand nourishments over time as well as erosion and SLR impacts on 
the shoreline position. The data was obtained from both the Dutch and Aveiro coasts. Both are 
approximately 100 km long and have critical stretches with regards to flood safety and beach 
recreation. These critical stretches cover respectively 47% and 48% of the entire coastline. The 
potential impact of coastline retreat is likely to be greater on the Dutch coast because more 
people and more property are present in the low-lying flood-prone hinterland than is the case 
for the Aveiro coast.  
The Aveiro coastline is exposed to severe wind-waves and swell events from the Atlantic Ocean. 
This fact, in combination with the coastline orientation, results in net littoral drifts up to 
2,000,000 m3/year versus a maximum of 500,000 m3/year for the Dutch coast.  
A cascade of numerical models was set up for the 
two regions, including the wave model DELFT3D-
WAVE based on the SWAN code, the coastline 
evolution model UNIBEST-CL+  and the 
Nourishment Impact Tool (Ntool).  
Tonnon et al. (2017) derived relations and design 
graphs for erosion rates, life span and 
maintenance volumes. Data on the 
morphodynamic evolution of meganourishments 
is scarce and only a few years of data were 
available for the meganourishment near Ter 
Heijde, The Netherlands for the model.  
In the work of Tonnon et al. (2017), several 
models were applied to study the 
morphodynamic evolution of meganourishments 
(Figure 5). A detailed Delft3D coastal area model 
was applied for the short-term evolution, while, 
the coastline models UNIBEST-CLþ  and LONG- 
MOR were used for the evaluation of mega-nourishments on longer time scales. Both the mega-
nourishment near Ter Heijde and a range of idealized nourishment configurations have been 
modelled using these models. Design graphs and simple formulations for maximum erosion and 
half time (life span) of freely evolving nourishments and for initial erosion rates and long-term 
maintenance of permanent beach reclamations are derived based on these model results.  
Figure 5: Top view Sand Motor. Bathymetry 
measurements and Delft3D model results. Source: 
Tonnon et al., 2017. 
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Representative wave and wind forcing derived from a 23-year data set from measuring station 
Noordwijk, in the central part of the Dutch coast were applied. For UNIBEST, a nearshore wave 
climate with 269 wave conditions was generated using a SWAN model for the central part of the 
Dutch coast. For Delft3D and LONGMOR, ten representative offshore wave conditions were 
derived by binning the measured offshore wave times series into 5 wave directional classes of 
30 and two wave height classes (0–1.5 and 1.5–4 m). For each of the ten wave conditions the 
probability of occurrence and the representative wave period and mean wind speed and 
direction were determined. In order to set the total probability of occurrence of 100%, the 
probability of occurrence of offshore directed waves was distributed over the 5 lower wave 
conditions. For a fair comparison between the models applied in this study, all models were 
calibrated on a net annual alongshore transport of 200.000 m3/year, being the average 
alongshore transport in the surf zone for the central part of the Dutch coast (Tonnon et al., 
2017). 
3.1.1.3. Efficiency and factors conditioning the use of Smart Sand Nourishment  
Luijendijk et al. (2017), computed a total erosion volume on the Peninsula of about 1.24 million 
m3 by August 2012, while the sum of the accretion volumes in the adjacent coastal sections is 
1.22 million m3. Thus about 20,000 m3 of sand (1.5% of the total eroded volume) appears to 
have moved out of the control areas, which is expected to have moved further alongshore or in 
cross-shore direction. The measured accretion volumes in both the northern and southern 
coastal sections are well reproduced by the model. Hence, the model results show that the 
redistribution of the sand in the first year has largely been limited within the boundaries of the 
control areas. In contrast, the observations indicate that a net volume of about 450,000 m3 was 
moved out of the control areas after the first year.  
Neglecting the horizontal tide from the reference run has a very limited effect on the erosional 
behavior: a difference of only 3% in the total reference erosion volume. Similarly, eliminating 
the surge levels and wind-driven currents has minor effects, since both contribute less than 5% 
of the total erosion volume. However, the vertical tidal variations result in a significant 
contribution of 17% of the cumulative erosion volume. The vertical tide is expected to influence 
the active part of the cross-shore profile and as such affect the erosion volumes (a larger part of 
the coastal profile will be mobilized when water levels vary over time). The model predictions 
indicate that waves are by far the dominant forcing mechanism. Wave effects, leading to wave-
driven currents and enhanced bed shear stresses, contribute to approximately 75% of the total 
erosion volume (Luijendijk et al., 2017).  
Stronkhorst et al. (2017), concluded that the sand nourishment strategies provide a flexible 
coastal protection method which can be adapted to accommodate different sea level rise 
scenarios and at the same time improve the quality of recreational beaches and dune 
landscapes.  
The sand balance strategy is considered much more practical than the hold-the-line strategy as 
it has the advantage of economy of scale. For instance, the “Sand Motor” near Scheveningen, 
The Netherlands has an expected lifetime of several decades and the unit price per cubic meter 
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of sand was lower (€3/m3, 2011 price) than in regular sand nourishment projects (€5–10/m3). 
Furthermore, less locations are disturbed by the execution of sand nourishment projects over 
time.  
The model analysis revealed that, for the first decade (period 2010–2020), the average annual 
costs of the sand balance strategy per inhabitant of the flood-prone area was €3–5 for the Dutch 
coast and €67–133 for the Aveiro coast (Stronkhorst et al., 2017).  
Considering the relatively high costs and the 
relatively small population in flood-prone 
areas on the Aveiro coast, it may be more 
cost-effective to follow a policy which 
combines sand nourishments with a policy of 
managed retreat, a planned landward 
relocation of buildings and infrastructures 
from a dynamic coastline. Managed retreat 
can especially be applicable in some low-value 
areas to avoid an expensive locked-in 
situation by continually protecting all 
vulnerable coastlines and increasing their 
economic value. It has been studied the effect 
of coastal erosion over a period of 50 years on 
the ecosystem services of the 150 km long 
coast between Esmoriz and São Pedro de 
Moel to the south. The loss in ecosystem 
services was estimated at 45 M €/year by the 
year 2058. Sand nourishments on the 90 km 
long Aveiro coast considered in our study can 
sustain these ecosystem services representing 
an estimated added value of several billion 
euros over the period 2010–2100. As such, the benefits of coastline management may exceed 
the estimated costs of the sand strategies on the Aveiro coast (0.7–2.5 billion euros) 
(Stronkhorst et al., 2017).  
Tonnon et al. (2018), concluded that he modelled erosion in the first 1,5 year after construction 
of the Sand Motor was similar to the observed 1.8 million cubic meter of erosion in this period 
(Figure 6). These models have been used to produce design graphs for the erosion rates, life 
span and maintenance volumes of mega nourishments. The present results are valid for wave-
dominated open sandy coastlines with medium sand in the range of 0,2 to 0,4 mm and a regular 
lower shoreface with shore-parallel depth contours. The mega nourishment should be placed 
far away from structures. Furthermore, the shape of the nourishment should be approximately 
trapezoidal with a maximum seaward extent of 1 km, maximum alongshore length of 10 km and 
side slopes of 1–2. The current studies focus on coasts with mesotidal conditions (tidal range < 
2 m; nearshore currents < 0.3 m/s) which are dominated by waves with a small angle of wave 
incidence (<30 with shore-normal at the point of wave breaking).  
Figure 6: Upper panel, Sand Motor shortly after 
placement. Lower panel, salient in October 2013. Source: 
de Vrend et al., 2015. 
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A restoration of the beach profile is also likely to take place after the storms, which brings the 
sediment back to the depth zone with the alongshore wave-driven current. It should, however, 
be noted that a land reclamation which is placed at the beginning of a beach section or close to 
a structure (instead of in the middle of a beach section) is affected both by shielding of wave 
conditions by the structure, which reduces the erosion and a larger influence of the wave 
direction, as it can result in enhanced erosion when the waves are directed away from the 
shielded area where the land reclamation is placed (or vice versa when waves are directed 
towards the structure) (Tonnon et al., 2018).  
The applied active height of the profile should also be defined explicitly in coastline models. A 
single, alongshore averaged active height is considered adequate for this type of studies 
focusing on aggregated parameters such as total volume loss. Alongshore varying active heights 
may be considered to model detailed coastal shapes on shorter time-scales but leave relatively 
much room for tuning of the results. The active height can be derived from the depth of closure 
and the active area of the dry beach. The depth of closure can either be computed from a 
relation with the waves or derived from observed morphological changes. The active height has 
a large impact on the computed coastline evolution and hence the diffusiveness of the 
nourishment. This active height is used for the translation of sediment budgets to coastline 
changes. In the considered cases the active height is set to a fixed value of 7 m. It is observed 
that a change of this active height by 1 m typically has a linear effect on the modelled 
nourishment volume and therefore on the diffusiveness of nourishments. It is noted that the 
active height depends on the timeframe for which the model is used. For instance, in 20 years’ 
time, sediment at larger depths can be mobilized compared to a timeframe of 1 year (Tonnon 
et al., 2018).  
3.1.1.4. Conclusions 
Several pilot projects have already been implemented to fully prove the properties as a coastal 
defense of the Smart Sand Nourishment Technology. Among all the projects, the most relevant 
one is the Sand Motor project hold on the Netherlands. Some conclusions have been obtained 
from this project that will allow to keep working with sand nourishment in the following years. 
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The Sand Motor pilot project 
presents the analysis of the 
morphological evolution of a 17 
million m3 mega nourishment 
during the first 18 months       after 
implementation. The 
observations showed a planform 
adjustment of the mean-sea-level 
contour on the timescale of 
months as the original asymmetric 
outline was reworked to a nearly 
symmetrical shape. Along the 
outer perimeter of the peninsula 
the shoreline retreated (150 m) in 
these 18 months, with some 
locations showing a retreat up to 
300 m (Schipper et al., 2018). 
Simultaneously, the shoreline 
prograde by up to 200 m in the 
adjacent coastal sections, 
resulting in an increase of the 
alongshore extent of 1200 m (50% increase). Within the measured 18 months after 
implementation (Figure 7) the profile steepness in the region +1 to −4 m around mean sea level 
adjusted from a steep (1:45) man-made slope to a 1:55 to 1:60 slope, which is similar to the 
natural slope steepness in this region, thus highlighting the different timescales of the cross-
shore and alongshore adjustments (Schipper et al., 2018). The surveys show that the volumetric 
losses on the nourished peninsula were 1.8x106 m3, about 10% of the added volume. The 
majority (70%) of the volumetric losses in sediment on the peninsula were found to be 
compensated by accretion on adjacent coastal sections and dunes, confirming the feeding 
property of the nourishment (Luijendijk et al., 2017; Schipper et al., 2018). Further analysis 
shows that the morphological response was strongest in the first 6 months while the planform 
curvature and the surf zone slope reduced. In the following 12 months changes were less 
pronounced. Overall, the feeding property was related to incident wave power, such that 
months with high-energy waves result in more alongshore spreading. Months with small wave 
heights resulted mostly in cross-shore movement of the nourished sediment (Stronkhorst et al., 
2017; Tonnon et al., 2018).  
Even though beach nourishment is generally considered as an environment-friendly option for 
coastal protection and beach restoration, sizeable impacts on several beach ecosystem 
components (microphytobenthos, vascular plants, terrestrial arthropods, marine zoobenthos 
and avifauna) are described in the literature (Speybroeck et al., 2006).  
Negative, ecosystem-component specific effects of beach nourishment dominate in the short to 
medium term, with the size of the impact being determined by activities during the construction 
phase, the quality and the quantity of the nourishment sand, the timing, place and size of 
Figure 7: Aerial photographs of the Sand Engine project during 
construction on a) March 15, b) March 25, c) April 25, d) May 17, e) 
June 14, f) July 11 of 2011. Source: Schipper et al., 2016. 
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project, and the nourishment technique and strategy applied. Over the long term the speed and 
degree of ecological recovery largely depend on the physical characteristics of the beach habitat, 
mainly determined by sediment quality and quantity, the nourishment technique and strategy 
applied, the place and the size of nourishment and the physical environment prior to 
nourishment (Speybroeck et al., 2006).  
Focusing on the ecological damage beach nourishment may cause, it has been reviewed the 
impact that nourishment can have on a natural beach and concluded that nourishment is not an 
entirely ecologically sound coastal defense alternative. A beach requiring nourishment is often 
in an already unnatural condition, making it somewhat dangerous to assess the differential 
impact of nourishment (Speybroeck et al., 2006). Local natural values may have already been 
lowered prior to nourishment for a number of reasons including recreation, pollution and earlier 
coastal defense history (including previous nourishment) at a certain beach. In some cases, 
nourishment may even create suitable habitats for rare or threatened organisms such as piping 
plovers (Charadrius melodus) and sea turtles.  
Some guidelines for executing nourishment with minimal detrimental effects on the sandy 
beach ecosystem, are summarized below.  
Sediment characteristics play a very important role in the impact of beach nourishment on the 
ecosystem sediment composition and beach morphology.  
The importance of grain-size distribution of the nourishment sand for ecological recovery could 
be questioned, as it can be expected that the grain-size distribution will be restored very rapidly 
by natural conditions such as currents and storms. A gradual shift towards a morphological 
equilibrium (depending on the current hydrodynamic conditions) can be expected, but it is 
crucial to understand that ecological recovery can only be expected after this equilibrium is 
established. Thus, to limit the ecological impact, nourishment sands with a comparable 
sediment composition to that of the natural sediment should be used, to allow swift recovery 
of the benthic fauna. The ecological arguments for retaining the original grain size are further 
supported by geomorphologists to avoid a sharp transition from dissipative to reflective 
beaches. 
Compaction may be three or four times higher than on the original beach (Speybroeck et al., 
2006). This can be solved by ploughing or ‘tilling’ the beach, but it is mainly a short-term 
problem, as wave action will soften the beach, especially during storms.  
When aiming at a minimal ecological impact, nourishment should be completed within a single 
winter, starting after October and ending around March. This timing is optimal for nesting birds 
in the northern hemisphere.  
As a number of organisms spend the winter months in the shallow infralittoral zone, it is possible 
that the reduced impact due to this timing becomes undone with foreshore nourishment. It 
should be noted that this guideline relates only to mesothermic zones of the northern 
hemisphere. As a rule, nourishment should be executed during periods of low beach use by birds 
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and other migrating or mobile organisms and the preferred season is entirely site-specific, 
depending on an area’s location and natural heritage interests (Speybroeck et al., 2006).  
Generally, a number of smaller projects (5800 m length of shore) is preferred over a single large 
nourishment project. The short distance between nourished and unnourished beach strips 
allows swift re-colonization, depending on species-specific dispersal capacities.  
The biological processes, relevant for nourishment effects, comprise the process of disturbance 
and survival during nourishment (short-term) and the process of re-colonization after 
nourishment (medium to long-term). Disturbance and survival are mainly determined by 
species-specific tolerances, while re-colonization is determined by species-specific dispersal and 
migration capacities and species-specific habitat demands and tolerances, including physical and 
biological elements (Speybroeck et al., 2006). If scientific attention can be paid to these 
processes, this will finally allow scientists to objectively execute an ecosystem-directed 
evaluation and adjustment of future nourishments.  
As a pilot project has been carried out but more study has to be done to fully understand and 
































More than 30% of the world's population lives less than 100 km from the coast, and two-thirds 
of the world's megacities are located on the coast. Moreover, while in 2010, low elevation 
coastal zones (10 m or less above sea level) comprised only 1.8% of the world's total land area, 
they were home to 10% of the world's population. In the coming decades about three quarter 
of the world’s population will live within 60 km of the shoreline intensifying human pressures 
both as direct and indirect impacts (Nourisson et al., 2014). On top of the above, it is expected 
that human encroachment on the coast will increase in the coming century. This proximity to 
the sea coupled with either potentially more frequent strong tropical cyclones, or increasing 
intensity of cyclones and eustatic sea level rise, threatens human life, property and 
infrastructure (Feagin et al., 2015; Silva et al., 2016). 
Coastal sand dune systems are often appreciated for a broad range of flora and fauna, owing to 
the diversity of the ecological niches found within them, as well as their capacity for energy 
dissipation. Coastal sand dunes provide a wide range of other valuable services: provisioning 
(fresh water, food, fiber and fuel, mineral extraction, etc.), regulatory (water storage, storm 
protection, purification of water, among others), cultural (cultural heritage, recreation and 
tourism, aesthetic value, social relations) and supporting (soil formation, nutrient cycling and 
provision of habitat) (Ruocco et al., 2014; Hamley et al., 2016; Silva et al., 2016). 
Coastal dune habitats are undeniably important ecosystems in Europe, as they contain a high 
ecological diversity in terms of environmental heterogeneity and variability of species 
composition. They are characterized by a complex coast-to-inland environmental gradient which 
determines the coexistence of different plant communities in a relatively small area. However, 
many factors can disturb coastal ecosystems worldwide, such as pollution, coastal erosion, 
effects of global warming, farming practices, urban development, and pressure from tourism.  
The problem of the human alteration of coastal habitats is very widespread along the 
Mediterranean area as a result of urbanization, industrialization, and tourism activities. During 
the last century, in fact, a loss of about 70 % of dune systems for European coasts has been 
calculated (Ciccarelli, 2014; Ruocco et al., 2014).  
Sandy beaches are among the most important environments for human activities, being 
intensively exploited especially in the last two centuries. Sandy beaches will be squeezed 
between rising sea level and coastal erosion on the marine side and expanding human 
populations and development on the landward side to slow down this trend, an active 






3.1.2.2. Use of Dunes in coastal protection 
 
3.1.2.2.1. Laboratory experiments 
 
Kobayashi et al. (2013), conducted a laboratory experiment consisting of five tests to examine 
the effects of woody plants on erosion and overwash of high and low dunes.  
The experiment was conducted in the wave tank of the University of Delaware, which is 30 m 
long, 2.5 m wide, and 1.5 m high. A dividing wall along the length of the middle of the wave tank 
was installed to reduce the amount of fine sand, the water level change caused by wave 
overtopping, and seiching development in the wave tank. A piston type wave maker in 1 m water 
depth generated a 400 s burst of irregular wages. The spectral significant wave height and peak 
period were approximately 19 cm and 2.6 s, respectively. The sand beach placed on a plywood 
bottom with a slope of 1/30 consisted of well-sorted fine sand with a median diameter of 0.18 
mm. The placed sand was moistened and compacted before each test.  
Cylindrical wooden dowels were used to represent woody plants. The diameter and length of 
each dowel were 0.9 and 30 cm, respectively. Each dowel was placed vertically with a burial 
depth of 20 cm. The cross-shore and alongshore spacings of the dowels were 4 cm, and each 
dowel was in the center of the square whose area was 16 cm2 (Kobayashi et al., 2013) 
Silva et al. (2016) studied the vegetated dune-beach systems under storm conditions. The 
experiments were carried out in a wave flume (0.8 m wide, 1.2 m high and 37 m long), which is 
located at the Engineering Institute of the National Autonomous University of Mexico (IIUNAM). 
This flume features a piston type wavemaker and is equipped with a dynamic wave absorption 
system. The channel was divided longitudinally for 8 m of its length with a 1 cm thick acrylic 
sheet, thus allowing two profiles to be tested simultaneously. The sand used to form the profiles 
was brought from Tuxpan, Veracruz, where coastal dunes form naturally on the beach. This sand 
had a diameter D50 of 0.142 mm, containing 6% of fine material, a uniformity coefficient of 1.42 
and specific gravity of 2.7.  
The experiments that were carried out considered a total of 24 conditions that included 2 initial 
profiles (A, with a berm and B, without a berm), 3 different storm wave conditions (S1, mild and 
lasting 900 s; S2, moderate and lasting 900 s and S3, intense and lasting 240 s) and 4 plant 
densities (none, low, medium and high).  
The irregular waves corresponded to a Jonswap spectrum with γ = 3.3. The still water level (SWL) 
was set at 0.45 m, and the storm surge was considered to be 0.05 m, which corresponds to 






3.1.2.2.2. Field experiments 
 
Rozé and Lemauviel (2004), monitored during 10 years the restoration process of the Ille et 
Vilaine on the north Brittany coast, France. The study sites are situated along a 5 km length of 
coastline (54°10’ N, 4°70’ W). They have the same geomorphological origin and similar sand. 
After installing picket fencing around the whole of each dune system without soil preparing, the 
enclosures were immediately planted with marram grass (Ammophila arenaria) over their entire 
area.  
Every year, in June, the vegetation was surveyed using the permanent transect method. This 
linear method was chosen because it is well suited to the vegetation structure and was more 
reliable than measurements on quadrats. One hundred permanent points were distributed at 
10 cm intervals along these transects, whose ends were marked by posts. The vegetation was 
recorded as the presence or absence of each species at each point. The frequency of the species 
in the 100 points provided an estimate of their cover.  
Gallego-Fernández et al. (2011) examined the process of natural colonization of vegetation on a 
man-made dune and discussed the limitations that exist due to its size and isolation, and its 
position at the regional level within a degraded dune landscape. To achieve these objectives, 
the following specific aspects were examined: the passive recovery of the plant species and 
community over seven years following the active restoration of the foredune morphology; the 
colonization and establishment of species that are rare and threatened at the regional level; and 
comparison between the complete plant community and the composition and abundance of 
species exclusive to the restored dune system, and data from reference communities and 
natural reference dune systems.  
The study area was located on Laida 
beach, in the Vizcaya province of the 
Basque Country (43° 24’N, 2° 41’W), at 
the mouth of the river Oka, and forms 
part of the Biosphere Reserve of 
Urdaibai. The climate is temperate, 
oceanic, with moderate winters and 
warm summers; mean annual rainfall is 
over 1500 mm. Northerly and 
southerly winds dominate in autumn 
and winter with daily average wind 
speeds equal to or greater than 4 m/s, 
and maximum wind speeds of 11 m/s. 
In spring and summer the winds are predominantly easterly and southeasterly, reaching daily 
average speeds of 1–2 m/s, with a recorded maximum of 7 m/s. The Oka River estuary is around 
800 m wide and set in a cliff-lined coast (Gallego-Fernández et al., 2011).  
Restoration work involved the construction of a 250 m dune line parallel to the coastline by 
installing three parallel lines of wicker sand fences 7.5 m apart in October 2001. In January 2002, 
two new lines of sand fences were installed on the deposit of sand in order to increase its height 
Figure 8: Optimum design for brushwood fences deployed in sand 




(Figure 8). In November 2002, 150,000 individual plants of A. arenaria subsp. australis and E. 
farctus subsp. borealis were planted on the dune. The plants, obtained from seed in a nursery, 
were planted at a density of 10 plants/m2, with no treatment or soil preparation. The plants 
were donated by the Ministry of the Environment. A. arenaria was planted in a uniform manner 
all over the built dune, while E. farctus was planted only on its seaward face. In 2003 and 2004, 
additional plantings were carried out in areas where initial plantings had been unsuccessful.  
The utilization of sand fences and 
the planting of dune-builder 
species allowed the construction of 
a dune with a generally 
symmetrical morphology due to 
the bimodal wind patterns, and a 
similar volume of sand was 
accumulated each year of the 
monitoring period (approximately 
3000 m3 /year) (Figure 9). Between 
October 2001, and the end of 2002, 
the vertical accumulation of sand, 
with sand fences but without 
vegetation, was considerable, 
reaching 3 m in height. During 2003 
and 2004, with the sand fences 
covered in sand and with vegetation in place, the dune accumulated more sand horizontally 
than vertically. At the end of 2004, a new vertical growth phase was observed caused by the 
development of the planted vegetation. In later years, the geomorphological monitoring was 
discontinued; nevertheless, it was observed a general trend towards consolidation of the built 
dune in the years 2005 and 2006. In 2006, the dune reached 4 m in height with a total area of 
some 1.4 ha. In winter 2007, a process of marine erosion caused by storms began and this 
continued until the dune disappeared at the end of 2008 (Gallego-Fernández et al., 2011).  
Nourisson et al. (2014) studied the macrofaunal community abundance and diversity and the 
orientation behaviour of Talitrus saltator, a talitrid amphipod widespread on Mediterranean and 
European Atlantic sandy beaches. The study site was the Leirosa beach (40° 02’ 57.33’’ N, 08° 
53’ 35.01’’ W) located to the south of Figueira da Foz, midway along the Portuguese Atlantic 
coast. The beach is mesotidal with semidiurnal tides, and waves frequently reach amplitudes of 
about 3m. The well-developed sand dune system is about 10 km long, and protects two cellulose 
pulp and paper factories located behind it.  
Macrofaunal communities were sampled during low neap tide in May and October 2011 and in 
June and October 2012. Samples were taken at regular intervals along two shore-normal 
transects extending from the swash zone around the low tidewater mark to the base of the 
foredune; ten equidistant sampling levels were considered across each transect. The mean high 
water neap tide mark was used as a reference point to define the supra littoral and the intertidal 
zones. Five sampling levels were considered in the supra littoral zone of the beach and five in 
the intertidal one, adjusting the intervals between levels as necessary through the year. This 
Figure 9: Example of dune stabilization by the use of planting, fencing 
and thatching at a) Netherlands, b) Portugal, c) Spain. Source: Gracia 
et al., 2017. 
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sampling procedure was able to account for differences in the spatial distribution of macrofauna 
throughout the year. For each level and each transect, three cores (inner diameter 25 cm, 30 cm 
deep) were taken. The sand was sieved through 1 mm mesh bags in the swash and the samples 
were fixed in situ with 5% formalin, to separate and identify the collected animals in the 
laboratory. To determine sediment characteristics, triplicate sediment cores (2.5 cm diameter, 
30 cm deep) were also taken at each sampling level and kept in airtight plastic bags to analyze 
them in the laboratory (Nourisson et al., 2014).  
Ciccarelli (2014) wanted to assess the conservation status of coastal dune systems in Tuscany 
(Italy). The study was conducted in the coastal sand dunes of two protected areas along the 
Tuscan littoral (Italy): Migliarino-San Rossore-Massaciuccoli Regional Park and Maremma 
Regional Park.  
The Migliarino-San Rossore-Massaciuccoli Regional Park (San Rossore) covers an area of 142 km2 
and is located near Pisa, in the North of Tuscany. The Park hosts 40 km2 coastal forest, sandy 
beach, inland marshes, and farming areas. This area is characterized by a Mediterranean sub-
humid climate, with a mean annual temperature of 15°C and a mean annual rainfall of 800 mm. 
The Maremma Regional Park is located on the coast near Grosseto, in the southern part of 
Tuscany. The Park is about 90 km2 and offers a diverse array of landscape types: coastal dunes, 
inland salt marshes, rocky vegetated foothills, coastal pinewood, and farming areas. This area is 
characterized by Mediterranean sub-arid climate, with an average annual temperature of 15.6°C 
and an average annual rainfall of 618 mm.  
Ruocco et al. (2014) aimed to adopt a multidisciplinary approach integrating data on dune 
morphology, sediment texture and soil parameters as well as shoreline trend in order to define 
which are the abiotic factors that most affect the distribution and composition of Mediterranean 
plant dune communities.  
The fieldwork was carried out within two protected areas along the coast of Tuscany, Italy. The 
first, Migliarino e San Rossore e Massaciuccoli Regional Park (San Rossore), is located in the 
northern sector of Tuscany, whereas the second, Maremma Regional Park (Maremma), is 
located to the south, the same sites that Ciccareli (2014) used for their investigations.  
Coastal dune vegetation was sampled inside squares of 1x1 m, a size considered statistically 
appropriate for herbaceous vegetation given the quick turnover of communities and the 
compressed zonation in Mediterranean coastal dune ecosystems. The percentage cover of every 
plant was visually estimated in each plot as the vertical projection of the aerial part of the plants 
onto a horizontal surface. 
Sediment samples of approximately 1 kg were collected from each plot and heated to 50°C for 
24 h in an electric oven to remove moisture. The samples were reduced to about 100 g using ad 
hoc procedures: they were repeatedly divided in half after being accurately shaken in order to 
maintain every reduced sample as representative of the whole sample as possible. The iteration 
was stopped when the desired quantity (about 100 g) was reached. The grain-size analysis was 
carried out by dry-sieving the samples for 10 min, using sieves of 0.5 phi of mesh interval (from 
1 phi to 4 phi).  
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Cicarrelli (2015) later studied if disturbance and stress are the key selective forces that drive the 
psammophilous to success. The study was conducted in the coastal sand dunes of the Tuscan 
littoral. The area is characterized by a Mediterranean climate, with a mean annual temperature 
>15 C°C and a mean annual rainfall of 700 mm. Coastal dune systems generally consist of distinct 
plant communities that occur along a coast-to-inland ecological gradient. The study analyzed 
880 vegetation plots 1x1 m in size, which were sampled in the period 2010-2011 along 20 
random transects orthogonal to the seashore, starting from the annual vegetation of drift lines 
to the herbaceous vegetation of fixed dunes.  
3.1.2.3. Efficiency and factors conditioning the use of Dunes  
 
Rozé and Lemauviel (2004) concluded that 
in addition to the geomorphological 
structuring of the landscape, the front of the 
dune, the dune summit, and the rear dune 
were distinguished by their plant 
composition and species richness.  
The front of the dune is characterized by 
strong salinity constraints, indicated by both 
the dominance of lyme grass and the 
scarcity of marram grass that is much less 
tolerant of salt stress. Marram grass is 
strongly related to sand accretion. Its loss of 
vigor in the rear dune can be explained by 
the low rates of sand accumulation that 
were recorded. In the rear dune the 
constraints related to being close to the sea 
and the instability of the soil decrease.  
At the dune fronts, the pioneer dunes lay in 
front of the mobile dune and retained a high 
cover of marram grass that was related to 
the initial plantation. The dune summits 
corresponded to the advanced dynamic 
stage of mobile dunes. They became 
enriched with species that frequently occur 
in fixed dunes. Tortula ruralis ssp. 
ruraliformis was present but with a low cover that did not result in the formation of a moss and 
lichen carpet, characteristic of fixed dunes. A species richness of about 13 species was found in 
a few square meters, but species richness did not exceed 11 species on average on all  transects. 
At this part of the dune profile, the floral composition greatly depends on the local context 
(Figure 10).  
The return to reference ecosystems involves a rehabilitation in which the succession passes 
through a transitory ecosystem: a plantation of marram grass. Marram grass provides a quick 
Figure 10: Possible states of experimental units for research. 
a) original sediment only, b) original sediment and plant 
roots,  c) plant-modified sediment and plant roots, and d) 
plant-modified sediment only. e) Cross section of a dune 
near Matunuck, Rhode Island. Source: Feagin et al., 2015. 
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soil cover and builds up the dune height by trapping sand. It is very effective at restoring dune 
ridges, but it seems to slow the vegetation succession in the rear dune. The presence of marram 
grass is undesirable in a semifixed or fixed dune, where the preservation of conservation value 
is paramount. This plant helps maintain instability by trapping sand and by disturbing the soil by 
the movements of its leaves. Its presence indicates that the soil is not sufficiently stabilized (Rozé 
and Lemauviel, 2004).  
Gallego-Fernandez et al. (2011) observed that the main outcome was demonstrating that 
natural colonization is now possible for a large number of dune species in the coastal area where 
restoration was carried out, despite the isolation of the restored dunes and the loss of dune 
habitat on the Basque coast. Besides the two species planted, the composition of vegetation 
was increased by the natural flow of species through dispersal of propagules in an early primary 
succession process. For a large proportion (37.5%) of the species, sea-water could be the main 
dispersal agent (considering dune-exclusive species only, this proportion rises to 66.3%). Species 
with adaptations for wind dispersal comprised 20%; however, many other species with no such 
special adaptations (32.5%) can also be dispersed by wind due to their small size (<2 mm) 
(Gallego-Fernandez et al., 2011). Of the four species recorded with adaptations for dispersal by 
animals, two (Plantago maritima and Medicago littoralis) may also have been dispersed by the 
wind from nearby grasslands. The other two species were typical of forests (R. ulmifolius and Q. 
robur), and are dispersed by birds and mammals. Dispersal mechanisms that utilize wind and 
sea currents allow the long-distance dispersal of most dune-exclusive species from other dune 
systems, thereby overcoming their geographical isolation. 
The colonization process progressively augmented the number of species, and began very 
quickly prior to the plantation of the dune-builders. Colonization success varied with the type of 
species considered, 100% of the dune-exclusive species that arrived became established, while 
12% of the species non-exclusive to dunes failed to establish, along with 58.3% of species of 
other habitats (Gallego-Fernandez et al., 2011). Such differences can be attributed to the high 
marine influence in these environments, especially the salt spray and high rates of burial by 
sand, both of which can limit the establishment of non-adapted species. Furthermore, analysis 
of the colonization and dynamics of the vegetation revealed significant differences between the 
two areas of the foredune under study. While both slopes constantly presented a greater 
presence of dune-exclusive species followed by non-exclusive species, the species richness and 
plant cover was always lower on the seaward slope. This produced a distribution of the 
vegetation that was determined by the presence of the strong spatial gradient (salt spray and 
sand mobility) perpendicular to the existing shoreline in coastal dune ecosystems (Gallego-
Fernandez et al., 2011).  
The results obtained suggest that the processes of dispersal, colonization and establishment of 
dune species still function for many species, but not for certain threatened species, possibly due 
to the high fragmentation of dunes on the Basque coast. In addition, a major constraint to 
restoration is the apparently high vulnerability of these ecosystems to the action of storms, due 
to their small physical size (Gallego-Fernandez et al., 2011).  
Kobayashi et al. (2013) did a laboratory experiment consisting of five tests that was conducted 
to examine the effects of woody plants on dune erosion and overwash. Three tests for a high 
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dune examined the vegetation effects on erosion and scarping on the foreslope and wave 
overtopping and overwash on the backslope. The narrow vegetation on the steep backslope did 
not reduce the measured wave overtopping and overwash rates. The wide vegetation covering 
the foreslope and backslope reduced scarping, prevented wave overtopping initially, and 
reduced the overtopping and overwash rates after the initiation of wave overtopping. However, 
the reduced wave overtopping resulted in the increase of offshore sand transport from the 
eroded dune. Two tests for a low dune examined the vegetation effects in the absence of 
foreslope scarping. The wide vegetation covering the entire low dune reduced the dune erosion 
by decreasing the wave overtopping and overwash rates. The vegetation retarded wave up- rush 
on the upward slope in the swash and inner surf zones but increased the sand mobilization in 
the vegetation zone (Kobayashi et al., 2013).  
Nourisson et al. (2014) showed that the use of geosynthetic containers in coastal defense, even 
though less impacting than building seawalls or groins, has some long-term effects making these 
interventions not fully comparable to soft-engineering procedures, generating short-term pulse 
disturbance. In this case, the main issue seems to have been the partial removal of the sandy 
coverage after the dune-recovery, preventing the beach animals to burrow into the sand. Two 
main aspects were highlighted by the study; firstly, the importance of designing long-term 
monitoring studies when planning interventions on beaches, especially regarding the impacts of 
relatively recently introduced methodologies (as it is the case for the geotextile containers), 
which can modify the ecosystem features in unforeseen directions.  
Environmental restoration has to be planned with a long-term vision, but current practices tend 
to concentrate on immediate socio-economic benefits and rarely consider the future 
developments of the impacted ecosystems. Secondly, there is a need to combine different 
ecological indicators in order to include the maximum number of possible effects on the biotic 
ecosystem components, choosing specific sets of indicators for the different phases of the 
monitoring procedure. The macrofaunal community analysis and the orientation behavior of T. 
saltator, proven effective bioindicators to monitor the immediate, short and medium-term 
impacts of human interventions on sandy beaches, but have proven to be unsuitable on longer 
temporal scales. However T. saltator, a key-species of beach ecosystems, showed a long-term 
effect in a reduced population abundance that therefore may be considered for the later phases 
of monitoring plans. The total faunal density resulted a less powerful bioindicator in detecting 
the impacts at the whole beach scale; however, a significant difference was shown for the supra 
littoral zone, the most impacted beach sector. There is a need of a major integration between 
ecologists and engineers; both the categories have to engage to fulfil gaps in what is known on 
coastal defense intervention effects, aiming at reducing impacts as much as possible and reach 
equilibrium between the immediate socio-economical needs and environmental sustainability 
(Nourisson et al., 2014).  
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Cicarrelli (2014) exposed that shifting 
dunes with A. arenaria have been 
traditionally considered indicative of 
dune systems characterized by heavy 
sand deposition. However, in the 
present study this habitat was 
predominant in transects affected by 
erosion, where the coastal processes 
have canceled the previous plant 
communities of the driftline and the 
embryonic dunes, leaving the mobile 
dunes with A. arenaria exposed to the 
seaside. The disruption of mobile 
dunes may be a dramatic phenomenon 
because it could promote strong accumulation of sand in interior areas causing the occurrence 
of vegetation types that are normally typical of the foredunes and a decrease of plant 
communities typical of the interdunal spaces and fixed dunes.  
Also it was pointed out that several important considerations regarding the management of 
coastal dune systems of the protected areas studied should be made. The main consideration is 
that erosion is the most important factor of disturbance that causes structural alterations of the 
typical spatial pattern of dune plant communities. The most common approaches to protecting 
an eroding foredune are the following: restoring the beach/foredune to semi-stable by arresting 
sand movement (Figure 11), promoting accretion by sand nourishment or curtailing those 
activities that reduce the sediment supply to the beach (Cicarrelli, 2014).  
Ruocco et al. (2014) highlighted how the distance to the coastline, the mean grain-size, the 
organic matter concentration and the shoreline trend constitute the most important parameters 
able to significantly affect the plant composition of the Tuscany coast. In the work, the distance 
to the coastline of the plots was lower in those transects located in a portion of the coast 
subjected to erosion, indicating in some cases a particularly short backshore. This feature is 
often correlated with the absence of plant communities of the upper beach or of the embryonic 
dunes.  
In accordance with several coastal dune ecosystem studies from different parts of the world, 
the organic matter was found to play a main role in influencing plant species composition along 
the psammophilous series. The organic matter concentration values significantly increased 
along all the transects moving from the shoreline to inland, in accordance with literature. The 
highest values of organic matter found in the plots are mainly due to the presence of shrub 
vegetation with a high plant cover and consequently more accumulation of litter than the less 
structured and less evolved herbaceous plant communities (Ruocco et al., 2014).  
Cicarrelli et al. (2015) concluded that stress and disturbance rather than competition are the 
most important structuring factors in Mediterranean coastal dune plant communities. Analyzing 
several works on factors of disturbance and stress across Mediterranean basin, it becomes 
Figure 11: Individual ramets begin to trap sediment and add 
elevation (foreground), which will lead to dune formation in the 
presence of continued sediment supply (background). Matagorda 
Peninsula, Texas. Source: Feagin et al., 2015. 
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evident that the different relative importance of disturbance and stress in structuring plant 
communities could depend on the local environmental conditions.   
Although a certain degree of competition was present in primary successions, physical 
disturbance and environmental stress limit the evolution of plant communities, as seen in 
Mediterranean coastal dunes and in glacier forelands (Cicarrelli et al., 2015).  
The results presented by Silva et al. (2016) are useful for understanding the role of the 
vegetation in the response of coastal dunes to individual storms. Given that the initial profiles 
were assumed to be in a stable state it was found that, in general, the response of the dune to 
the storm depends on the erosion mode. For example, when the erosion mode is swash, the 
dune cedes sediment to the beach profile; this material can be deposited at the toe of the dune 
or at the submerged part of the profile generating a small bar or even be lost further from the 
closure depth. The distribution of the sediment delivered by the dune as well as the eroded 
section was found to depend on the wave period. On the other hand, when the erosion mode is 
overwash the sediment is carried to the back part of the dune.  
The most relevant decision in conservation terms is whether to place vegetation and how to 
manage it. The response seen during the experiments suggests that a threshold exists beyond 
which the amount of vegetation can alter the natural dynamics of the dune–beach system by 
decreasing the wave run up (a dune surface covered by many plants can produce more friction 
than a sandy surface), and by preventing the delivery of sediment from the dune to the beach 
profile during storm erosion (the stems and roots may potentially fix the sediment and 
strengthen the dune more than is desirable) (Silva et al., 2016). With regard to maintaining the 
natural sediment movement across the dune–beach system, its vulnerability would depend on 
the natural dynamism of the coast (whether sediment movement from the dune is desirable 
and resupplies the beach), whereas the vulnerability for people and infrastructure at landward 
locations could increase if there was insufficient space for the dissipation of energy.  
One possible design recommendation is to keep the vegetation cover in low or mid conditions 
in order to maintain the natural dynamism and sediment movement across the beach–dune 
profile, which within the constraints and hypothesis of this study, is equivalent to 5 to 12 
branches per square meter (Silva et al., 2016). If the singular goal is to protect landward 
infrastructure, then one possible design recommendation is to increase vegetation cover, 
though this is likely not the ideal solution for the long-term resilience of the beach–dune profile. 
One possible result of maintaining abnormally high vegetation or unnatural cover is greater 
erosion in the long-term as the profile becomes too steep and near-shore scouring and eventual 






As has been described, dunes combinate with vegetation provide shelter for the coastal areas. 
Several results were obtained from the studies above concerning the parameters and conditions 
that can be crucial for the fully development of the technology. 
An encouraging result was observed in mobile dunes, where the main dune forming species 
Ammophila arenaria subsp. australis increased in cover, even if only in accretion beaches and 
without any relationship with climatic variables. Ammophila arenaria subsp. australis is a key 
species all over the Mediterranean coastal dunes: it builds up the first stable barrier to sand 
deposition, with a significant role in the development of sand dune systems not only in the 
Mediterranean, but also throughout other European coasts (Prisco et al. 2016). Dune-builders 
generally have similar responses to sand accretion, but there is geographic variation in individual 
species among coastal dune systems. For instance, sediment accretion actually stimulates 
growth in Ammophila breviligulata and Uniola paniculata in North America, and Ammophila 
arenaria in Europe, thus facilitating further sediment deposition in a dune- building feedback 
loop. This process is less effective in other grass species (eg Spartina patens) or may occur in 
later successional stages, where burial is not as common (eg Andropogon spp) (Feagin et al., 
2015).  
Plants importance in dunes ecosystems is 
that they can alter the physical properties of 
a dune in two distinct ways: with their root 
network and by altering the composition of 
the sediment itself (Figure 12). A plant 
community can add organic matter directly 
to the soil and also increase its clay content 
by trapping relatively fine inorganic 
sedimentary particles (Ciccarelli, 2014). 
These two processes can reduce erosion 
over the long term by increasing particle 
cohesion. Plants also reduce soil desiccation 
by generating shaded microclimates, and 
soil moisture generally increases particle 
cohesion with variable effects on erosion. 
Plant-induced sedimentary changes can 
increase grain-to-grain cohesion and 
transform a dune from a collection of 
individual grains to a larger mass of grains, 
bound together, increasing the effective 
grain diameter and thus reducing erosion (Feagin et al., 2015). Moreover, resistance to soil 
shearing should increase and, in a storm impact regime, the binding forces should reduce 
slumping after scarp formation.  
Figure 12: Above and belowground plant-substrate-wave 
interaction scenarios during storm. a) swash interaction, b) 
dune scarping/slumping during collision regime, and c) 
overwash and inundation regimes. Source: Feagin et al., 2015. 
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When a storm hits, the type of erosion at a specific location along the beach-dune gradient 
determines the portions of plant structures that are reached by the waves. Possible scenarios 
include wave collision, overwash, and inundation, which are based on relative water levels 
(surge and wave runup) with respect to the beach, dune, or barrier height (Kobayashi et al., 
2013; Feagin et al., 2015; Silva et al., 2016). In the collision regime, waves break and exert their 
energy on the dune face. Large amounts of sediment can be mobilized and redistributed along 
the beach profile and a prominent dune scarp may continuously progress landward. The 
overwash regime entails intermittent wave overtopping of the dune crest, which may lead to 
rapid crest erosion that alters both the seaward and landward sides of the dune. During the 
inundation regime, dunes are eroded via a constant flow of water over the crest, with erosion 
mostly occurring on the landward face.  
The effects on the foredune due to the climate change will be reflected mainly in three 
parameters: aeolian transport, dune erosion and vegetation growth.  
Given that wind climate is not expected to change dramatically by 2050, the potential for aeolian 
transport remains unchanged. Similarly, the change in precipitation is relatively small relative to 
the interannual rainfall variability and, therefore, the effect on aeolian transport is expected to 
be limited, especially as transport can still be significant during rainfall (Keijsers et al., 2015). 
When sea level rise results in smaller beaches, dune erosion will increase, as less energy will be 
dissipated by the beaches. In some cases, landward retreat can take place while coastal dunes 
maintain their volume. Along the Dutch coast however, before implementation of an ‘hold-the-
line’ policy in 1990, many regressive foredunes showed a decrease in dune width and volume 
(Keijsers et al., 2015).  
Using a probabilistic model calibrated for the coast of Noordwijk, just south of our focus area in 
North Holland it was predicted that by 2100 there would be an 8 % increase in dune erosion 
volumes for a sea level rise of 0.4 m. By 2050, this increase would be smaller as sea level rise is 
expected to be between 0.15 and 0.35 m (Keijsers et al., 2015).  
In a case study of the impact of climate change on Dutch ecology, due to decreasing precipitation 
in the growing season and increasing potential evaporation, the moisture deficit for coastal dune 
vegetation will increase under climate change. This deficit, which is defined as the difference 
between actual and potential transpiration, is a measure of water shortage for plants. The 
reduction of vegetation growth may result in larger bare surfaces, which means larger areas 
exposed to wind erosion and hence aeolian activity and dune building (Keijsers et al., 2015).  
On the other hand, some studies found no evidence that climate significant affected changes of 
habitats and species and that instead different trends in erosion/accretion processes seem to 
be a much more likely candidate for explaining the patterns observed, both at community and 
at species level (Ciccarelli, 2015; Prisco et al., 2016).  
The major trends in species richness and cover of focal species were related to recent 
erosion/accretion processes: positive trends were mainly observed in stable or in accretion sites 
while negative trends were observed in sites with coastal erosion. We should also note that 
 
 31 
changes in species richness were related not only to the increase of focal species, but also to the 
increase of alien and ruderal ones. This result should be considered as an early alarm signal of 
diversity change on coastal sand dune ecosystems and should help to define specific 
conservation actions for the near future.  
The capacity of coastal dunes to keep up with sea level rise is attributed to the specialized 
morphology of coastal grass species covering the dunes. Especially European and American 
marram grass, Ammophila arenaria and Ammophila breviligulata, combine two unique 
advantages for dune-building, namely: very high tolerance to burial by wind-blown sand, 
reportedly up to 1 m  or even 2 m of sand per year, and more vigorous growth under the right 
conditions of sand burial (Rozé and Lemauviel, 2004; Nolet et al., 2017). This introduces a 
reinforcing feedback essential to dune development: adequate levels of wind-blown sand 
encourages Ammophila to grow, which in turn enhances Ammophila’s capacity to accumulate 
and stabilize wind-blown sand. As a result, dune development is directly related to the growth 
response of marram grass to sand burial, and throughout temperate climate zones in the world 
A. arenaria and A. breviligulata helped to create very high vegetated coastal dune landscapes.  
Coastal dune development is directly related to the growth response of marram grass 
(Ammophila arenaria) due to positive feedback to sand burial (Rozé and Lemauviel, 2004). 
Maximizing the potential of Ammophila to grow and develop dunes thus, in turn, maximizes the 
potential of coastal dunes to provide coastal safety. From the studies carried by Nolet et al. 
(2017) two results can be obtained: the maximum tolerance of Ammophila arenaria to sand 
burial is between 0.78 and 0.96 meter of sand per growing season; and the optimal sand burial 
rate for which the growth response of Ammophila arenaria obtains its maximum, is found to be 
around 0.31 m of sand per growing season (Nolet et al., 2017).  
A good example of dune vegetation as a coastal erosion management strategy is located at 
Papamoa, a coastal township located on the Bay of Plenty, New Zealand. In the early 1990's, 
storms severely eroded dunes within a few meters of some property boundaries. In 1994, 
following concern from local residents, a management program was initiated to improve dune 
ecosystems. The work focused on restoration of a good cover of sand binding species on the 
seaward face of the dune, with plantings of several thousand shoots of Spinifex squarrosus and 
Ficinia spiralis and fertilizer application to existing stands of these species to assist in their 
recovery and spread (Gracia et al., 2018). Dune access walkovers were installed in high use areas 
to protect sensitive vegetation from human trampling. This management strategy has 
successfully reached a complete dune restoration, resulting in a seaward dune advance of 10-
25 m, providing a much wider dune with a more gentle, vegetated and resilient front slope to 
help buffer current and future erosion (Gracia et al., 2018).  
As it has been proven to work on a real environment and although further research about the 
interaction with dunes and the threat of the climate change have to be done, the Technology 










3.2.1.1. SHELLFISH REEFS 
 
3.2.1.1.1. Introduction  
Oyster reeds and bed were once a dominant structural and ecological component of estuaries 
around the globe, fueling coastal economies for centuries (Figure 13). Oysters are ecosystem 
engineers; one or a few species produce reef habitat for entire ecosystems. Recently oyster reefs 
were included as one of nine potentially important nearshore habitats that can potentially 
protect coastal communities and infrastructure (Beck et al., 2011). Because bivalve habitats are 
potentially one of the most important nearshore habitats that have the ability to feed 
populations, as well as helping to protect coastal communities and infrastructure, it is critical to 
increase the scale of restoration efforts. Not only to increase local capacity to perform such 
habitat restoration is needed, but also figure out how to extend monitoring while effectively 
scaling-up restoration efforts.  
Oysters have supported civilizations for millennia, from Romans to California railroad workers. 
In 1864, 700 million European oysters (Ostrea edulis) were consumed in London, and nearly 
120,000 workers were employed as oyster dredgers in Britain. In the 1870s, intertidal reefs of 
the eastern oyster Crassostrea virginica extended for miles along the main axis of the James 
River in the Chesapeake Bay; by the 1940s, these reefs had largely disappeared. In many coastal 
areas, including the Texas coast, roads were paved with oyster shells (Beck et al., 2011). Even it 
has been tested as material to use along with concrete to build breakwaters in the Galician coast 
Figure 13: Global condition of oyster reef in bays and ecoregions. Source: Beck et al., 2011. 
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(Spain) (Carral et al., 2018). In addition, its use alone has been investigated as a technology for 
protecting the coast.  
3.2.1.1.2. Use of Shellfish Reefs in coastal protection 
 
3.2.1.1.2.1. Field Experiments 
A field experiment was conducted at two sites in coastal Alabama (USA) that contained stretches 
of rapidly eroding coastlines (Scyphers et al., 2011) to test the efficacy of breakwater reefs 
constructed of oyster shell for protecting eroding coastal shorelines and their effect on 
nearshore fish and shellfish communities. Study sites were selected within regions known to 
have adequate larval supply of oysters  and moderate wave climates. In the first site, known 
locally as Point aux Pins, the treatments were located along the southern extent of a peninsula 
of eroding salt marsh habitat, largely comprised of fringing cordgrass (Spartina alterniflora) and 
black needlerush (Juncus roemerianus). In the second site, Alabama Port, the treatments were 
located along a two kilometer stretch shared with other species such as Spartina alterniflora, 
Phragmites sp., which is largely present in the upper intertidal zone. Both sites were selected 
within regions of high oyster spat settlement (40–180 spat -2day-1). 
 
Figure 14: Sketch of the oyster reefs. Source: Scyphers et al., 2011. 
The experimental oyster reefs were designed as subtidal wave-attenuating breakwaters, a 
common coastal engineering approach. Each reef complex was comprised of three 5x25 m 
rectangular-trapezoid sections (Figure 14). Each section consisted of loose oyster shell, 
purchased from a local seafood processing plant, placed on a geo-textile fabric to prevent 
subsidence and secured by a plastic mesh covering (with 1 cm2 openings) that was anchored by 
rebar. The purpose of the mesh covering was to help maintain the vertical relief of breakwaters 
until adequate recruitment of oysters cemented the loose shell in place. The initial height of 
each reef was slightly above  Mea Lower Low Water (MLLW) (1 m), under the assumption that 
the loose oyster shell would settle below that level and eventually become subtidal. The subtidal 
design of the reefs allowed for maximum exposure for oyster settlement and increased available 
substrate for foraging by transient and larger resident fishes, while maximizing potential 
capacity for wave attenuation (Scyphers et al., 2011).  
It was demonstrated that breakwater reef treatments mitigated shoreline retreat by more than 
40 % at one site, but overall vegetation retreat and erosion rates were high across all treatments 
and at both sites. Oyster settlement and subsequent survival were observed at both sites, with 
mean adult densities reaching more than eighty oysters/m2 at one site. It was found that the 
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corridor between intertidal marsh and oyster reef breakwaters supported higher abundances 
and different communities of fishes than control plots without oyster reef habitat. Among the 
fishes and mobile invertebrates that appeared to be strongly enhanced were several 
economically-important species (Scyphers et al., 2011). 
However they did not provide the amount of protection that could be offered by well- 
engineered methodologies. This was due to the fact that the wave-attenuating capacity of the 
breakwaters in the study was compromised because the loose shell reefs expanded and 
flattened prior to the cementing together that could result from oyster settlement and survival. 
The mesh covering used in the study to maintain the breakwater reefs’ integrity was not rigid 
enough to withstand the wave energy of the sites, but an improvement in this aspect of the 
breakwater design could allow for better shoreline protection and less disturbance of the reef. 
Acknowledging these conclusions, it was important to understand which parameters are crucial 
to the settlement of the reefs at the coast. With this goal, Salvador de Paiva et al. (2018) aimed 
to test the hypothesis that the conditional outcome of ecosystem engineering by oyster reefs 
can be predicted based on local physical forcing, morphological characteristics of the tidal flat, 
and biological characteristics of the oyster reef. This was tested by correlating long-term 
sediment accretion patterns within natural intertidal oyster reefs in the Oosterschelde basin 
(The Netherlands) to reef characteristics and abiotic conditions. In order to do that, the 
ecosystem engineering effect (EEE) concept was  introduced. This EEE is considered to be the 
difference in elevation change within the oyster reef’s footprint relative to the surrounding tidal 
flat elevation change (Figure 15). The tidal flat elevation change gives an overview of the 
sediment dynamics on the tidal flat, if it is eroding (negative values) or accreting (positive 
values).  
The ecosystem engineering effect (EEE) of oyster reefs ranged in the order of −1.85 cm year-1 
and +3.60 cm year-1. The EEE was negatively correlated with the elevation changes on the bare 
tidal flat. The EEE is strongest at erosional conditions and tends to decrease towards (rare) 
accreting tidal flats where it even can change in erosion rather than accretion. The accretion 
rate within oyster reefs structurally exceeds the erosion rate of that tidal flat, indicating that 
reefs do not only stabilize the reef area but accrete this area as well. Tidal flat shape also seems 
to affect the strength of ecosystem engineering by oysters, as larger elevation changes were 
generally found in convex tidal flats versus concave tidal flats. No relation between elevation 
changes within the reef and wind fetch, current velocities and distance of the reef to the edge 











With respect to the oyster reef characteristics, the ecosystem engineering effect (EEE) relates 
linearly with spatial density and oyster density. Width and length did not display clear relations 
with the EEE, whereas the aspect ratio width/length showed a negative relation with EEE 
meaning that the narrower reefs have a higher effect. From the results it was suggested that 
more protuberant or sunken reefs are more likely to have a stronger ecosystem engineering 
effect. 
The oyster reef ecosystem engineering effect (accreting) was strongest on eroding flats, and 
decreased towards accreting tidal flats. This finding is in line with previous studies on the 
conditional outcome of ecosystem engineering due to abiotic conditions. The results suggested 
that besides the traditional design variables, namely width, height and length, other variables 
such as oyster density and spatial density, should also be considered in designing artificial oyster 
reefs (Salvador de Paiva et al., 2018).  
3.2.1.1.3. Efficiency and factors conditioning the use of Shellfish Reefs 
To enhance, restore and monitor this nurturing ecosystem some more in depth parameters 
should be considered. For instance the effect of how  non-native species contribute to novel 
ecosystems is something being deeply debated. Introduced oyster species are transforming the 
landscape in many novel ways. Salvador de Paiva et al. (2018) concluded that in the Wadden Sea 
(The Netherlands) for example, the invasion of the Pacific oyster C. gigas has caused major 
habitat shifts from the formerly dominant native bivalves such as blue mussel, Mytilus edulis, 
the native flat oyster, Ostrea edulis, and cockles, which formed dense beds to intertidal oyster 
reefs. The consequences for native benthic communities, mussel-eating invertebrates, and 
other higher food web vertebrate consumers (birds) have yet to be resolved. In contrast, in the 
Netherlands, these non-native ecosystem engineers are reducing erosion and adding novel 
intertidal habitat. In Australia, no obvious negative consequences have been observed with C. 
gigas.  
Site selection may be the single-most important set of factors for determining the success of an 
enhancement or restoration project. It has been recommended to establish restored reefs only 
in areas (reef footprints) where oyster populations existed historically. These can typically be 
determined from navigation charts, past historical surveys, state mapping efforts, or published 
fishing records, while others recommended using habitat suitability index (HSI) models to 
determine optimal site conditions, potentially ensuring longer-term sustainability . 
Figure 15: Sketch of the EEE. Source: Salvador de Paiva et al., 2018. 
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Constructing subtidal reefs with sufficient vertical relief (height above the sediment’s surface, a 
few cm to 0.5 m or more in some cases) can reduce the negative effects of sedimentation and 
dissolved oxygen, while enhancing local flow, including the use of taller vertical areas of material 
(cultch), interspersed with lower relief areas. On a smaller spatial scale this is often termed 
rugosity which can also enhance flow and reef complexity with recruitment, and thus reef use 
by associated organisms.  
A suggested minimum value or range for subtidal reefs encountering low Dissolved Oxygen (DO) 
is 0.5–1 m. For intertidal reefs, a minimum has yet to be established, but 7–15 cm should be a 
minimum post-construction height after settling and cultch dispersal, especially where boat 
wakes, soft sediments, and sloping shorelines (often with high fetches and waves) affect 
preaggregation (cementing by oysters), reef longevity, and ultimately success. Reduced levels of 
dissolved oxygen (<2 mg L-1), especially for extended durations of days to weeks, can cause 
significant oyster and associated species mortality. Hypoxia (<4 mg L-1) often results in mobile 
species relocating from these areas to those with higher DO. Subtidal oyster reefs commonly 
can occur <5–10 m of water below the mean low water MLW . Historically they occurred deeper, 
perhaps given fewer hypoxic events. Natural subtidal reefs were often shallow (1–5 m) and 
sufficiently elevated off the bottom, so that oysters experienced fewer low oxygen (hypoxic to 
anoxic) conditions. DO varies with tide, and time of day, although in tidal creeks, low levels often 
occur nocturnally. Intertidally, oysters encounter a suite of unique physiological challenges as 
they are exposed often to very high summer temperatures or very low winter freezing 
temperatures. DO is less of a problem for intertidal reefs and associated mobile organisms as 
they must either move as tides fall or remain on exposed reefs 1–2 times per day. Regardless, 
sessile intertidal organisms are aerially exposed daily and many (bivalves) can respire so that 
low DOs are less of a problem if they occur for <6–12 h d.  
In areas receiving high suspended sediment loads, deployed reef base substrates can typically 
experience poor recruitment success through fouled or covered substrates and high post-
settlement mortality through burial. Subsidence, flow, and sedimentary processes also decrease 
the post-construction overall reef footprint through time. Sedimentation is often greater at a 
reef ’s base, where water currents are often slower and finer particles tend to settle out. As 
mentioned before, local conditions also influence sediment characteristics (grain size, depth, 
and load). Construction using heavier (denser) materials such as granite, fossil shell or recycled 
cement increase sinking rates, especially where sediments are finer (softer) requiring additional 
material to attain a acceptable final vertical reef height and avoidance of later costly adaptive 
management (Beck et al., 2018).  
Oyster reef aerial exposure can greatly influence oyster reproduction, disease susceptibility, and 
responses to other anthropogenic stressors. Intertidal placement of reef base material relative 
to MLW determines the duration of exposure and likelihood of survival, especially in warm 
temperate in subtropical areas. In the western Atlantic, intertidal oysters in the USA typically 
occur from below MLW to about 1 m above MLW, but this varies by site (latitude, shade from 
adjacent habitats, predominant solar orientation), tidal range, and type (diurnal vs. semi-
diurnal) and other variables (fetch, waves, wind driven or boat wakes, ‘rewetting’ oysters during 
exposure (Scyphers et al., 2011). 
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Existing substrate type for reefs to be constructed requires sandy to muddy sand to mud 
(intertidal often) as a foundation for placing hard substrate or ‘cultch’. Often larger projects use 
coarser natural or recycled material (granite or limestone or recycled cement) capped with 
oyster or fossil shell if in short supply. Sediments consisting of high silt/clay percentages should 
be avoided wherever possible as sedimentation, siltation, and burial (subsidence) can be quite 
problematic for restoration efforts, requiring more material to attain an equivalent final reef 
height versus areas with coarser sediments. Prolonged exposure to low salinities can reduce 
feeding, growth, and reproduction, while also reducing observed negative effects of disease and 
predation (Coen and Humphries, 2017). 
 Sites with greater water (current) flows are often 
associated with greater oyster survival and faster 
growth (Figure 16). Flows ranging from 156–260 cm 
sec-1 are often associated with enhanced growth. 
Oysters filter seston (phytoplankton, resuspended 
benthos, and other organic particles) from the 
water column so an adequate food concentration is 
necessary for growth and survival. Currents not 
only deliver seston, but also carry away silt, oyster 
pseudofaeces, and faeces from reefs. Based on 
limited efforts, we know that lab-reared oysters 
with reduced (<4 cm sec-1) flows have slower 
growth and greater mortality versus those reared 
under higher flow rates (7–20 cm sec-1). 
Cholorophylla concentrations greater than 30 mg L-3 result in rapid oyster growth (Beck et al, 
2018).  
3.2.1.1.4. Conclusions 
Several ecosystem services that shellfish can provide to the coastal areas, several can be 
highlighted: enhanced wildstock populations (consumptive uses); improved water quality 
(clarity), benthic-pelagic coupling, nutrient sequestration/denitrification and hypoxia; habitat 
for associated organisms (finfish and invertebrates) and secondary production, and 
enhancement of adjacent habitat/shoreline (often vegetated) by stabilization reducing erosion 
(Coen and Humphries, 2017; Scyphers et al., 2011). Taking a closer look oyster reefs can 
assimilate nutrients into tissues or shell, and augment subtidal denitrification along the 
sediment–water interface with net denitrification rates from 30–56 g N m-2 y-1 and shell and 
tissue assimilation from 0.2 per cent and 9.3 per cent N g-1 DW, respectively. However, not all 
studies show significant differences between denitrification of intertidal oyster reefs and 
surrounding habitats.   
The different threats that shellfish reefs may encounter are: climate change and associated sea 
level rise; ocean and nearshore acidification and related changes in pH; rising temperatures 
impacting diseases and species ranges; rainfall and salinity shifts; increasing hypoxic areal extent 
and duration for subtidal populations; continued coastal development and related vegetated 
Figure 16: Wave attenuation and coastal erosion 
protection given by shellfish reef under two 
different scenarios. Source: Garcia et al., 2017. 
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habitat losses; introduction of non-native competitors, predators, diseases; and changes in 
native diseases will create natural habitat winners and losers, while impacting restoration 
outcomes (Salvador de Paiva et al., 2018).  
As further research should be done to see its effectiveness on the field not only on the 
restoration of already living shellfish reefs but on the possibility of implanting them in different 
coastal areas, the technological readiness level may be estimated as 3, as it has been proven its 


































3.2.1.2. CORAL REEF  
 
3.2.1.2.1. Introduction 
Nearly 40% of the world’s population lives within 100 km of the coast and that percentage is 
increasing (Figure 17). The growing natural hazards from coastal storms, flooding and rising sea 
level create social, economic and ecological risks of global significance. The United Nations 
global report on disaster risk reduction identified that the risks of economic loss associated with 
floods and tropical cyclones are increasing across the world. The proportion of the world’s Gross 
Domestic Product annually exposed to tropical cyclones increased from 3.6% in the 1970s to 
4.3% in the first decade of the 2000s. Moreover, the impacts associated with inundation and 
flooding from sea level rise and storms are expected to increase substantially (Lowe et al., 2005).  
As a consequence, huge investments are being made in coastal hazard mitigation and 
increasingly in climate adaptation, and these investments are often for artificial defense 
structures such as seawalls and breakwaters. These costs will increase. For example, the cost of 
dikes alone is predicted to increase to US$ 12–71 billion per year by 2100. In recent climate 
negotiations, developed nations pledged US$ 100 billion per year by 2020 to support mitigation 
and adaptation in developing countries many of which are tropical and coastal. Adaptation funds 
are already starting to flow from these commitments at US$ 1–4 billion per year (Lowe et al., 
2005).  
Governments and businesses are increasingly interested in identifying where nature based 
solutions can be used cost effectively as part of the strategy for coastal defense and as an 
alternative to investing solely in artificial defenses. There is a growing body of evidence that 
suggests that nature based solutions can be effective for risk reduction. The evidence is less well 
developed for coral reefs, and there is not a synthesis of the role of reefs in risk reduction. Coral 
reefs are abundant in shallow tropical and subtropical coastal regions, environments where 
significant amounts of surface wave energy can be dissipated through wave breaking and 
bottom friction processes. The physical structure of coral reefs is notably different from that of 
beaches, which to date have been the primary focus of nearshore hydrodynamic studies. Unlike 
beaches, which typically have mild slopes and relatively smooth bottoms, coral reefs often form 
Figure 17: Number of people who may receive risk reduction benefit from reefs by country. Source: Ferrario 
et al., 2014. 
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a steep transition from relatively deep to shallow water, and generate a very rough bottom 
surface due to the presence of reef organisms (Lowe et al., 2005). 
3.2.1.2.2. Use of Coral Reef in coastal protection 
 
3.2.1.2.2.1. Numerical studies  
Storlazzi et al. (2011) developed a two-dimensional numerical profile model of hydrodynamics 
and sediment transport over the Molokai fringing reef.  It was calibrated with in situ data and 
was driven by meteorological and oceanographic forcing conditions that characterize most 
exposed (not sheltered) tropical coral reefs. The goal of this effort is to better understand the 
relative importance of different processes (e.g., winds and waves) to hydrodynamics and 
sediment transport, and the contribution of these different characteristic sets of forcing 
conditions to annual sediment fluxes.  
The data were acquired at the area of Molokai, Hawaii, in the north-central Pacific Ocean (21°N, 
157°W) between the islands of Oahu and Maui. The physical environment in the Hawaiian 
Islands during the summer is dominated by 5–10 m s-1 northeasterly trade winds that generate 
wave heights of 1–3 m with periods of 5–8 s and small (1–2 m), long-period (14–25 s) south 
swells. Winter conditions, typically beginning in October and extending through March, are 
characterized by storms and North Pacific swell that produce wave heights of 3–6 m with periods 
of 10–18 s that approach from the northwest. Due to shadowing by the surrounding islands and 
the island of Molokai itself, however, most of south Molokai’s fringing reef is sheltered from 
large North Pacific swell but is exposed to the other wave climates. Hawaii has a mixed, 
semidiurnal microtidal regime, with the mean daily tidal range of approximately 0.6 m and the 
minimum and maximum daily tidal ranges are 0.4 and 0.9 m, respectively (Storlazzi et al., 2011).  
The reef flat, a roughly horizontal surface with water depths ranging from 0.3 to 2.0 m, extends 
seaward from the shoreline for distances from 0.5 to 1.5 km offshore. Calcareous marine 
sediment dominates the coarse-grained fraction of the bed sediment (58–65%) across the entire 
fringing reef tract. The inner portion of the reef flat is covered by a wedge of muddy sand (80–
90% of the silt and finer grain sizes are terrigenous in origin) that pinches out roughly 200–300 
m offshore. From this point out to roughly 500 m offshore, an ancestral reefal hardground is 
intermittently exposed or mantled by sediment and algae. Shore-normal ridge-and-runnel 
structure characterizes the reef flat from 500 m out to the reef crest roughly 1,000 m offshore. 
The coral ridges are covered by low percentages of live coral, and the runnel depressions are 
filled by calcareous sediment. The reef crest, where most deepwater waves break, is generally 
well defined along many of the fringing reefs in Hawaii and is locally covered by encrusting 
coralline algae and robust lobate and encrusting corals. Offshore of the reef crest, from depths 
of 3–30 m, lies the fore reef that is generally characterized by 1–3 m high shore-normal spur- 
and-groove structures covered by discontinuous, highly variable percentages of live coral 
(Storlazzi et al., 2011).  
The Delft3D Online Morphology system was used to model hydrodynamics and sediment 
transport over the south Molokai fringing coral reef. The main components are the two-way 
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coupled Delft3D SWAN and FLOW modules modeling waves and currents, respectively. FLOW 
forms the core of the model system, simulating water motion due to tidal and meteorological 
forcing by solving the unsteady shallow-water equations that consist of the continuity equation, 
the horizontal momentum equations, and the transport equation under the shallow water and 
Boussinesq assumptions. Wave effects, such as enhanced bed shear stresses and radiation 
stresses, are included in the flow simulation by coupling the FLOW module with stationary runs 
of the third-generation SWAN wave model. SWAN is based on discrete spectral action balance 
equations, computing the evolution of random, short-crested waves. Physical processes 
included are the generation of waves by wind, nonlinear quadruplet and triad wave–wave 
interactions, and dissipation due to whitecapping, bottom friction, and depth-induced breaking 
(Storlazzi et al., 2011).  
On the other hand Hoeke et al. (2011) examined the relationship between offshore wave climate 
and nearshore waves and currents at Hanalei Bay, Hawaii, an exposed bay fringed with coral 
reefs. In the study, the importance of wave forcing to the hydrodynamics of an open-mouthed 
bay bordered by fringing coral reefs, a common morphology on tropical and subtropical high 
islands worldwide, was examined by identifying fundamental differences in the magnitude of 
flow and overall circulation patterns associated with the two most common offshore wave 
conditions. These offshore wave conditions are identified through examination of wave climate, 
defined here by offshore buoy data and numerical hindcasts.  
Analysis of both offshore in situ data and numerical hindcasts identify the predominance of two 
wave conditions: a mode associated with local trade winds and an episodic pattern associated 
with distant source long-period swells.  
Kauai (22.2°N, 159.5°W) is a subtropical high island of volcanic origin lying in the North Pacific 
trade wind belt. Tides in the area are mixed semidiurnal with neap ranges of around 0.4 m and 
spring ranges around 0.9 m (Storlazzi et al., 2011). Trade wind conditions associated with the 
North Pacific subtropical anticyclone prevail; these winds are typically around 5–12 m/s and 
generate wind waves generally 1–3 m in height with 6–10 s periods from the east to northeast. 
Trade winds occur throughout the year, but are most prevalent during the spring and summer 
months. Hanalei Bay, approximately 2 km wide, is located on the island’s north side and faces 
roughly north-northwest. This makes it partially sheltered from trade wind conditions, but 
exposed to seasonally high episodic swell events between October and May. These swells are 
usually generated from remote sources to the north and west (NW), with 1–5 m waves and 12–
20 s periods common during these months; wave heights in excess of 6 m may occur several 
times a year. During these swell events, winds typically slacken or become westerly and rotate 
clockwise back to the north- east, as cyclonic low-pressure systems producing the swell pass to 
the north, although this is not always the case.  
Fringing reef platforms are found on the east and west sides of the bay; the western reef 
(Queen’s Reef) generally has a more gradual reef slope (6–12°) and deeper reef flat (1–4 m), 
while the eastern side (Hanalei Reef) is somewhat steeper (reef slope of 10° to nearly vertical) 
and has an extensive area of reef flat less than 1 m deep. A detached deeper reef (King’s Reef) 
lies approximately 1 km offshore and has a minimum depth of 16 m. This offshore reef affects 
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incident gravity wave refraction patterns and has been known to break when waves exceed 5 
m. These reefs are composed primarily of coralline algae, with live coral cover ranging between 
2% and 47%, with an average of about 18%. Most other areas in the bay tend to be made up of 
flat or gently sloping sand or gravel (Storlazzi et al., 2011).  
The SWAN model (Booij et al., 1999), a phase-averaged solution of the discrete spectral balance 
of wave action density, was selected to estimate wave fields within the bay. Two 1 week periods 
were selected for model development and validations: 2–9 August 2006 and 20–27 January 
2007; the first characterized by trade wind conditions and the second NW swell. To estimate the 
wavefield within Hanalei Bay and immediately offshore during these two periods, a rectangular 
Cartesian coordinate grid was con- structed (local grid); this grid extends 8 km on either side of 
the bay and 5 km offshore of the mouth of the bay. Simulations were carried out on the grid at 
(Dx, Dy =) 200, 100, and 40 m spatial resolutions; a subdomain, extending 2.5 km either side of 
the bay and 3.0 km offshore, was nested within the 40 m spatial resolution grid and simulations 
carried out at 30, 20, and 10 m resolutions (Storlazzi et al., 2011). 
3.2.1.2.2.2. Field experiments  
Lowe et al. (2005) conducted a 2 week experiment on the barrier reef in Kaneohe Bay, which is 
located on the northeastern (windward) shore of the island of Oahu in Hawaii (21°29’N, 
157°48’W). It represents the largest sheltered body of water in the Hawaiian Islands, and 
extends about 15 km along shore and is approximately 3 km wide. Kaneohe Bay is exposed to 
the trade winds which blow most of the year from E to NE, averaging approximately 5 m/s. The 
wave environment is predominantly derived from two major sources: (1) wind waves derived 
from the trade winds with 6–10 s periods, which dominate during the summer months and (2) 
ocean swells 10–14 s in period that are generated by North Pacific storms primarily in the winter 
months. The mean tidal range in Kaneohe Bay is approximately 0.7 m with a maximum of about 
1.1 m.  
The instruments that were used to estimate wave dissipation were located at five sites arranged 
in a line oriented in the cross-reef direction. Site 1 was located on the fore reef at a position 
such that no wave breaking would occur offshore of this site. During the experiment, the surf 
zone was located between sites 1 and 2. Sites 2 through 5 were located on the reef flat at least 
one hundred meters shoreward of where the surf zone ended. As a consequence, wave breaking 
was negligible between these sites (Lowe et al., 2005).  
The experiment was conducted from 18 August to 4 September 2003. During the experiment 
the incident waves measured by the offshore wave buoy were predominantly trade wind 
generated with a peak period (Tp) between 7 and 10 s. During the beginning of the experiment, 
strong trade winds in the eastern Pacific generated waves with a root mean square (RMS) wave 
height Hrms of 1.5 m propagating westward (toward 270°). Beginning on day 238 the trade winds 
weakened and the wave height decreased to a value as low as Hrms = 0.7 m. The peak direction 
at this time switched to roughly 180° (toward the south). Finally, near day 245, Hurricane Jimena 
passed just south of the Hawaiian Islands and generated waves with Hrms equal to 2.2 m, which 
is unusually large for this time of the year, and is more typical of winter swell wave heights. A 
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wide range of wave conditions were thus encountered over this relatively short experiment. An 
analysis of wave heights measured at the same wave buoy for the 3 year period from 1 January 
2001 to 31 December 2003 showed that this range of wave heights (Hrms = 0.7 – 2.2 m) occurred 
more than 95% of the time. Thus the experiments incorporated the vast majority of the historical 
wave height conditions (Lowe et al., 2005).  
Reguero et al. (2018) presented a systematic approach to assess the protective role of coral 
reefs and to examine solutions based on the reef's influence on wave propagation patterns. 
Portions of the shoreline of Grenville Bay, Grenada, have seen acute shoreline erosion and 
coastal flooding. The design and implementation of a reef-based solution to reduce erosion and 
flooding was studied. Coastline changes in the bay over the past 6 decades are analyzed from 
bathymetry and benthic surveys, historical imagery, historical wave and sea level data and 
modeling of wave dynamics.  
The guiding principles for the design of the artificial reef in Grenville were (Reguero et al., 2018):  
1) Reduce the coastal erosion and storm coastal flooding in Grenville's waterfront by 
restoring the former wave shifting and attenuation characteristics of the reef, lost by 
degradation of the natural reefs.  
2) Provide a stable substrate for coral colonization and habitat restoration to facilitate the 
reestablishment of coral growth and ecological functions of natural reefs, in areas where 
benthic algae are not yet dominant and to prevent they overgrow live corals.  
3) Design a solution that is modular, adaptable to varying depths and seabed 
configurations, easy to ensemble on-site, stable, with enough porosity for habitat 
enhancement, replicable elsewhere, and suitable for local implementation in small 
island communities.  
4) Demonstrate the feasibility of a new eco-engineered reef design that can be installed 
utilizing local community labor, at lower cost and with higher ecosystem benefits than 
traditional grey infrastructure such as seawalls, rip rap, and conventional breakwaters.  
From a structural perspective, the reef was designed as a submerged breakwater able to 
withstand a high-energy environment and its cross-section resembles structurally a ‘reef 
breakwater’, a low-crested rubble-mound breakwater without the traditional multilayer 
configuration. Structural stability analyses were performed to determine required weight of 
armor and the dimensions of the baskets. Since there are no stability formulas available for a 
modular design (in contrast with rubble-mound breakwater), the section was calculated using 
the Hudson formula as a 1-layer armor design and with the highest water level and maximum 
significant wave height at the site, to be conservative. The rock size resulting from the stability 
analysis is assumed for the equivalent weight and size of individual baskets filled with material 
(Reguero et al., 2018).  
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In September 2015, four pilot units were installed and monitored yearly to test the effectiveness 
of the design, implementation and construction methods, prior to a full reef array build (Figure 
18). Data is being collected periodically on: stability and physical performance; corrosion; 
sandblasting; growth and mortality of coral transplants; coral recruitment; fish usage; beach 
profiles; wave transmission through the structure; and aerial survey.  
                    
 
3.2.1.2.3. Efficiency and factors conditioning the use of Coral Reefs  
The field experiments and the numerical modelling ones where done or used data from tropical 
or subtropical ambiences (the Pacific ocean), mainly from several islands of the area of Hawaii. 
The incised, fringing reef embayment morphology of Hanalei Bay is common to tropical and 
subtropical high islands in the Pacific, Indian, and Atlantic Oceans. Numerous other examples 
may be found not only in the Hawaiian Islands, but also in the Mascarene Islands, Samoa, and 
the Caribbean. Similar to the Hawaiian Islands, many of these islands are in the trade wind belt 
but are exposed to long-period swells generated by (often geographically distant) mid and high-
latitude cyclones, as well as impacts from tropical cyclone waves, as shown by a number of 
studies of extreme wave events and wave climate (Hoeke et al., 2011). From the data extracted 
from the studies the range of wave heights in which the coral reef was tested was from 1-3 m 
and 3-6 m from swell waves; periods ranged between 6-10 s and 7-20 s to swell waves; winds 
ranged between 5-12 m/s and tidal range averaged 0,6-1,1 m. 
Results from the 2 week experiment on the Kaneohe Bay barrier reef (Lowe et al., 2005) show 
that for typical wave conditions, a majority of the incident wave energy is dissipated by bottom 
friction, and that wave breaking is of lesser importance. This is in contrast to observations made 
on sandy beach sites and some assumptions about dissipation on other coral reefs, where wave 
breaking is assumed to dominate and bottom friction makes a smaller contribution.  
Conclusions obtained from the experiment proved that on the reef flat, the wave height is a 
strong function of the water depth because the allowable height of waves on the reef flat 
increases as the water depth increases. The wave height on the reef flat is thus a function of 
both the incident wave height and water depth. During low tides, as the fore reef wave height 
Figure 18: Armored baskets used in the Grenada field experiment. Source: Reguero et al., 2018. 
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increases the contours become 
increasingly vertical implying 
that the allowable wave height 
on the reef flat is only a function 
of the water depth (Figure 19). 
Alternatively, for cases when 
the incident waves on the fore 
reef are small, the contours 
become increasingly horizontal 
as the water depth increases, 
implying that the wave height 
on the reef flat is now 
controlled by the incident wave height. For shallow reefs experiencing large wave conditions, 
contours of this type will be mostly vertical as the reef flat wave height will be controlled by the 
water depth. For deeper reef flats that typically experience small wave conditions, contours will 
be mostly horizontal as the wave height of the reef flat will not be significantly controlled by the 
water depth. The Kaneohe Bay barrier reef is clearly an intermediate case where wave height is 
a function of both tides and offshore wave conditions.   
Hoeke et al. (2011) concentrated their efforts in the effect of the swells over coral reefs. When 
North-West (NW) swells (the most prevalent episodic condition in the Hanalei Reef) occur in the 
fall, winter and spring, wind and tidal forcing are increasingly overshadowed by depth-
integrated flows, generally observed to be in the range 0.2–0.7 m/s. A strong asymmetry along 
the principal axis of flow is directed into the bay on its eastern side, the result of wave-driven 
flow across Hanalei Reef, with a return flow out the mouth of the bay, particularly during larger 
wave events. This develops an overall picture of strong wave-dominated, clockwise residual flow 
throughout the water column during NW swell events, although the picture is likely complicated 
by small-scale, wave-driven circulation cells.  
These fundamental differences in circulation between the two most commonly occurring wave 
conditions are due to the propagation of wave energy into the bay’s interior during NW swell 
events. The complex refraction patterns and rapid dissipation of wave energy along the bay’s 
fringing reefs in these conditions result in sharp gradients of radiation stress that drive the 
observed residual flows. By contrast, the shorter wavelengths associated with trade winds are 
not significantly refracted by King’s Reef and other deeper reef structures; therefore, much less 
available wave energy, already propagating at a more oblique angle to the coast than NW swells, 
is refracted into the bay (Hoeke et al., 2011).  
The greater vigor of circulation during NW swell events, particularly near the seabed, coupled 
with the large bed shear stress generated by the near bed orbital velocities associated with the 
swell propagating into the bay, indicate that these episodic events are a primary driver of 
sedimentation/erosion, water quality, and benthic ecology. This is evidenced by sediment 
characteristics within the bay, by observations of the resuspension of sediment and by the low 
reported coral cover on the shallow, exposed forereefs (2–15%) compared to elsewhere in the 
bay (24– 47% of hard bottom substrates). Given the low annual number of these NW swell 
Figure 19: Cross section of a barrier reef. Source: Lowe et al., 2005. 
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events (on the order of 10 times per year, occurring 9% of the time) compared to the frequency 
of modal trade wind conditions (75% of the time), water quality and sediment and ecosystem 
dynamics may be sensitive to changes in the magnitude and annual recurrence of these events 
(Hoeke et al., 2011).  
Several conclusions were obtained from the artificial reef prototype in Grenada (Reguero et al., 
2018). There is high erosion in the northern part of the bay (Telescope Beach); historical imagery 
and anecdotal evidence indicates that there has been significant die-off and loss of height in the 
northern lobe of the reef while, in the south, reefs are shallow and healthy; and modeling of 
wave energy over 6 decades shows that the changes in the northern reef geometry are 
consistent with erosion along the northern coastline and of a greater magnitude than those 
derived from historical changes in the wave climate and sea levels.  
As with other restoration projects, the aim of the Grenville artificial reef was to enhance the 
habitat and ecological functions of the natural reef. These considerations were also a central 
piece of the design. The materials used and the basket design creates a high porosity stable 
structure that can enhance coral growth. The hypothesis for the future is that the biological 
community (particularly the crustose coralline algae and corals) could also improve the stability 
of the structure by cementing the structural canvas. This, as well as other potential services 
provided by the structures, like fish usage and production, will be the subject of further 
investigation and observation as monitoring of the artificial reef continues. Techniques to 
accelerate biological recruitment on the artificial structures could also be beneficial and will be 
explored. In this regard, the use of coral reef nurseries for active restoration of the reef 
community and enhancing growth could be potentially useful, as has been shown in other sites 
(Reguero et al., 2018).  
Benthic algae and corals compete for space on coral reefs. Algae abundance can actively 
overgrow live corals or passively take over space after corals have died. Extensive areas of the 
Bay are currently dominated by algae and stressors that damage live coral while fostering algae 
development, such as overfishing and eutrophication, likely played a role in the past in reducing 
the areas covered by corals (Reguero et al., 2018).  
Moving onto future scenarios based on the prediction that the sea lever will rise hugely in the 
next decades, Storlazzi et al. (2011) used their already done simulation to predict the effect of 
the climate change on the coral reefs. Then 4 simulations were done increasing the mean sea 
level 0.10, 0.25, 0.50, and 1.00 m. So for the future scenario greater water depths over a fringing 
reef would reduce bottom friction and increase water depth relative to the wave height, 
resulting in larger and more energetic waves that could propagate over the reef crest and reef 
flat without breaking and larger wind-waves develop in situ on the reef flat. These findings 
showed that while wave heights offshore of the reef crest on the fore reef (depth 10 m) are 
independent of sea level, both wave height and wave period on the reef flat (depth 1 m) are 
significantly correlated with sea level, suggesting that waves on the reef flat are depth-limited. 
As sea level rise increases, the larger waves over the reef and the landward migration of the 
zone of primary incident wave breaking will also modify the zone of high turbulence, primarily 
moving it shorewards.  
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Increased water depth would result in stronger currents all across the reef due to greater wave-
driven flows from larger waves and the reduced height of hydrodynamic roughness relative to 
water depth that would allow for faster wind-driven currents to develop. The greatest increases 
in current velocity would be in shallow water on the inner reef flat where the water depth is on 
order of the hydrodynamic roughness of the seabed. This finding showed the current speed at 
a given location on the reef flat was statistically greater during periods with higher sea level than 
during periods of lower sea level. This would result in greater water exchange across and lower 
residence time of water on the reef flat, potentially altering the physical and chemical properties 
of the water column. The increased mixing and flushing of the reef flat with sea level rise may 
help to dilute material delivered to the inner reef flat from the adjacent land, but it might also 
result in greater transport of terrestrial sediment onto the fore reef (Storlazzi et al., 2011).  
An increase in wave energy and circulation due to elevated sea level will also affect sediment 
dynamics across a fringing coral reef. Larger waves resulting from high water levels will generate 
increased wave-induced stresses, which, in turn, will result in greater resuspension of sediment 
across the reef for a given grain size or composition. Statistically greater suspended sediment 
concentrations were observed during periods with higher sea level and it was showed that 
suspended sediment concentrations on both reef flat and fore reef  were significantly greater 
during periods with higher sea level. These observations, combined with their observations 
showing that greater offshore flow occurred with higher sea level, resulted in a statistically 
significant greater flux of sediment off the reef flat and over the fore reef with higher sea levels. 
The greater resuspension and transport would result in higher and longer persistence of 
turbidity as the increased shear stresses and turbulence would inhibit sediment from settling. 
The increased resuspension and larger wave-orbital velocities with sea- level rise may also alter 
patterns of abrasion of corals adjacent to sedimentary deposits. Although alongshore current 
speeds on the reef flat and over the fore reef are generally much greater (2–8 times) than the 
cross-shore current speeds, there is strong coupling between offshore flow and high suspended-
sediment concentrations on reef flats such that the greatest sediment fluxes generally have an 
offshore component (Storlazzi et al., 2011).  
The larger waves on the reef flat that would result from sea level rise will also increase the 
delivery of energy to the coastline. As these larger, more energetic waves reach the shoreline, 
which at present is in quasi-equilibrium with the current wave climate, they would exceed the 
critical shear stresses for resuspension of the beach and coastal plain material, causing coastal 
erosion and adding additional sedimentary material to the reef flat. This additional material, 
resuspended by larger waves and stronger currents, would likely exacerbate turbidity not only 
on the reef flat but also likely on the fore reef as well. Although the stronger currents may reduce 
the overall residence time of any given sedimentary particle on the reef flat, the increased 
supply of material by erosion and the increased duration of resuspension for a given set of waves 
and currents could potentially result in greater exposure of corals to suspended sediment on 






3.2.1.2.4. Conclusions  
 
From all the data available about coral reefs, it 
was extracted the following averaged data: 
reef crests dissipated on average 86% of the 
incident wave energy; reef flats dissipated 65% 
of the remaining wave energy; and the whole 
reef accounted for a total wave energy 
reduction of 97% (Ferrario et al., 2014). Reefs 
significantly reduced wave height across all 
three environments. The reef crest reduced 
wave height by 64%. The reef flat reduced 
wave height by 43%. The whole reef reduced 
wave height by 84%  (Ferrario et al., 2014). 
Wave energy in both swell and wind wave 
types was reduced although not always 
significantly even when combined across 
experiments. Reef crests significantly 
dissipated 70% of the incident swell wave 
energy, and the whole reef significantly 
reduced both wind and swell wave energy. 
Reef flats reduced both wind and swell wave 
energy, but the analysis of existing studies showed a significant effect only for swell waves. The 
change in wave energy across the reef flat was much lower than across the reef crest or whole 
reef, which makes detection of individual wind wave effects more difficult (Ferrario et al., 2014). 
Nonlinear regressions indicated that for reef crests and reef flats, wave energy reduction 
reached asymptotes of 91% and 67%, respectively. The effects of the whole reef in dissipating 
wave energy were linear from small through hurricane-level waves, that is, the reefs reduced a 
consistent 97% percent of the incident wave energy. After passing over the crest, waves were 
attenuated significantly across wider reef flats (Figure 20). However, most of the wave 
attenuation happened in the first part of the reef flat; 50% of the reduction in both wave energy 
and height occurred within 150 m from the reef crest in the experiments analyzed.  
Comparing coral reefs to artificial coastal defenses, the transmission coefficient, Kt (that is, the 
ratio of the transmitted to the incident significant wave height Ht/Hi), of low-crested detached 
breakwaters typically ranged from 0.3 to 0.7, which represents a wave height reduction of 30–
70%. This range is comparable to the one estimated for coral reefs (51–74%); the average wave 
height reduction for reefs (64%) is in the upper range of values reported for artificial structures 
(Ferrario et al., 2014).  
The costs of building tropical breakwaters ranged between US$ 456 and 188,817 m (thousands) 
with a median project cost of US$ 19,791 m. The construction costs of structural coral reef 
restoration projects ranged between US$ 20 and 155,000 m with a median project cost of US$ 
1,290 m. On average, the costs of the restoration projects were significantly cheaper than costs 
of building tropical breakwaters.  
Figure 20: Wave attenuation and coastal erosion 
protection given by coral under different management 
scenarios. Source: Garcia et al., 2017. 
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It was estimated that there are up to 197 million people that live both below 10 m elevation and 
within 50 km of a reef who may receive risk reduction benefits from reefs. If only areas within 
10 km of a reef are considered and below 10 m elevation, there are still some 100 million people 
who may receive risk reduction benefits from reefs. The countries with the greatest number of 
at risk people who may receive risk reduction benefits from reefs are Indonesia, India and the 
Philippines whether we consider distances of 10 or 50 km from reefs. These three countries 
alone include 50% of the people globally that live in low exposed areas near reefs.  
A full benefit-cost analysis of coastal defense alternatives that includes coral reefs is desirable 
but not yet possible. For reef restoration and even for breakwaters, there needs to be better 
accounting for benefits such as fisheries and recreation. For reef restoration, there needs to be 
better accounting for maintenance costs and longer term measures of the success of restoration 
efforts. These measures should consider the effects of restored reef depth and roughness on 
wave attenuation, reef failure points during high energy events, and the recovery time periods 
and costs after these events. Many gaps remain in designing reef restoration projects for hazard 
mitigation, as very few projects have explicitly tried to deliver benefits for both risk reduction 
and reef conservation. As living structures, reefs have the potential for self-repair and thus lower 
maintenance costs as compared with artificial structures, but reef restoration is still a 
comparatively new field (Storlazzi et al., 2011).  
Reefs face many growing pressures from development and climate change. Some scientists 
question their viability in future centuries. In considering the future of reefs, it has been noted 
that reefs will not simply disappear, and the effects of climate change on reefs will be species 
and site-specific. There will also be strong evolutionary pressure for adaptation of corals to 
climate change. The resilience of coral reefs to climate change can be enhanced by removing 
other stressors. Indeed, in many cases, local threats are more significant than climate change in 
terms of impacts to coral reefs, and these are more manageable threats (for example, blast 
fishing, overexploitation of grazers, pollution and sedimentation, mining (Reguero et al., 2018).  
At that point it could be considered that the technology readiness level of the coral reef as a 
coastal defense may be 7, as system prototypes have been operational in a relevant 
environment but further research and more field experiments might be required to fully 












3.2.2.1. MANGROVES  
 
3.2.2.1.1. Introduction 
Mangrove forests currently occupy 14,650,000 ha of coastline globally (Figure 21), with an 
economic value on the order of 200,000-900,000 USD ha-1. Mangroves are among the most 
productive ecosystems on earth and occupy brackish water zones along tropical and subtropical 
coasts (Datta et al., 2012). Regardless of their monetary value, mangrove ecosystems are 
important habitats, especially in developing countries, and play a key role in human 
sustainability and livelihoods, being heavily used traditionally for food, timber, fuel, and 
medicine (Alongi, 2008; Datta et al., 2012). These tidal forests are often important nursery 
grounds and breeding sites for birds, mammals, fish, crustaceans, shellfish, and reptiles; a 
renewable resource of wood; and sites for accumulation of sediment, nutrients, and 
contaminants. It is believed that mangroves offer protection from waves, tidal bores, and 
tsunamis, and can dampen shoreline erosion (Alongi, 2008).  
A global reduction of approximately 25% has been observed since 1980 and the mangrove area 
today is less than 15 million hectares. In general, mangroves are threatened by increasing 
consumption pressure, unsustainable production of fish and prawns, mixing of waste water 
effluents from urban-industrial areas and oil-spill. Mangroves are generally found along the 
coasts of tropical developing countries, where coastal populations largely depend on these 
forests for their livelihood. Information on worldwide distribution and exact amount of 
mangroves is still unavailable but approximately 112 countries have mangrove stands within 
their political boundaries. Among the continents, Asia has both largest extent and highest 
species diversity of mangrove ecosystems. Conversely, Oceania has the smallest areal extent 
and Africa has the least species diversity (Datta et al., 2012). 
Figure 21: Map showing the global distribution of mangroves (in black). Source: Alongi, 2008. 
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Although approximately 150,000 km2 of mangroves exist world- wide, over two thirds of the 
remaining area are located in just eighteen countries — Indonesia, Brazil, Australia, Mexico, 
Nigeria, Malaysia, Myanmar, Bangladesh, Cuba, India, Papua New Guinea and Colombia. Other 
major mangrove areas are found in Guinea Bissau, Mozambique, Madagascar, the Philippines, 
Thailand and Vietnam. However, around one quarter of the world's mangroves have been lost 
due to human action, mainly through conversion to aquaculture, agriculture and urban land 
uses. With the exception of Australia, which is a high-income economy, these development 
pressures are mounting in all the major mangrove countries. Finally, the global disappearance 
of mangroves is having a major impact on the vulnerability of coastal populations and property 
in developing countries, especially with respect to damaging and life-threatening storms and 
floods (Datta et al., 2012). 
Mangroves have a variety of key features that contribute to their resilience to disturbance, 
whether they are acute disasters such as a tsunami or millennial change in climate. These 
characteristics are: a large reservoir of below-ground nutrients that serve to replenish nutrient 
losses; rapid rates of nutrient flux and microbial decomposition that facilitate rapid biotic 
turnover; complex and highly efficient biotic controls that allow predominantly internal reuse of 
resources to augment recovery; self-design and simple architecture that lead to rapid 
reconstruction and rehabilitation post-disturbance, despite different species composition; 
redundancy of keystone species, or species legacies, which can lead to restoration and recovery 
of key forest functions and structure; and positive and negative feedback pathways that provide 
malleability to help dampen oscillations during recovery to a more stable, persistent state. These 
tidal forests can attain immense biomass and height, rivalling the size of tropical rainforests; 
their standing crop is ordinarily greater than other aquatic ecosystems as equatorial forests 
often reach an above-ground weight of 300-500 t DW ha-1 (tones per dry weight per hectare) 
(Alongi, 2008).  
However, many mangrove ecosystems throughout the world and particularly in Asian countries 
are threatened by rapid deforestation. In Asia, 36% of mangrove area has been deforested, at 
the rate of 1.52% per year. Although many economic factors may be influencing global 
mangrove deforestation, empirical estimates suggest that a major cause is attributed to 
aquaculture expansion in coastal areas, especially the establishment of shrimp farms. 
Aquaculture accounts for 52% of mangrove loss globally, with shrimp farming alone accounting 
for 38% of mangrove deforestation; in Asia, aquaculture contributes 58% to mangrove loss with 
shrimp farming accounting for 41% of total deforestation. Mangrove deforestation has also 
been prevalent in Thailand, one of the countries worst affected by the tsunami disaster. Over 
1961–1996, Thailand has lost around 20,500 km2 of mangrove forests, or about 56% of the 
original area, mainly due to shrimp aquaculture and other coastal developments. Estimates of 
the amount of mangrove conversion due to shrimp farming vary, but recent studies suggest that 





3.2.2.1.2. Use of Mangroves in coastal protection 
 
3.2.2.1.2.1. Numerical studies 
Yanagisawa et al. (2009) investigated the damage to mangroves caused by the 2004 Indian 
Ocean tsunami at Pakarang Cape in Pang Nga Province (Thailand), using an integrated approach 
including satellite imagery analysis, field measurements, and numerical modeling. The 
mangrove forest studied at Pakarang Cape in Pang Nga province, (latitude: 8°43’20’’N, 
longitude: 98°14’15’’E) is dominated by Rhizophora sp. Field surveys of the mangrove forest 
were conducted four times during 2005 and 2006. To investigate specific mangrove 
characteristics and the damage caused to it by the tsunami, the following survey data were 
collected: tree species, tree destruction patterns, stem diameter at breast height (DBH; 
approximately 1.3 m above the top of the roots), stem diameter at the top of roots, and the 
position of each tree using a Global Positioning System (GPS) device.  
Based on satellite imagery analysis of the study area before the tsunami event, it was estimated 
the total mangrove area to be approximately 17 ha. The forest was dominated mainly by 
Rhizophora sp. with minor numbers of Bruguiera sp. It was investigated the damaged area from 
satellite imagery after the tsunami event and found that more than 70% of the mangrove forest 
had been destroyed by the tsunami. To examine the tsunami inundation flow (current velocity 
and tsunami height), a numerical modeling of the 2004 Indian Ocean tsunami was performed. 
The measured tsunami heights and the inundation area were compared with computed values 
to validate the model results (Yanagisawa et al., 2009).  
The et al. (2009) wanted to assess the role of mangroves on tsunami mitigation by using an 
analytical model and numerical simulations. The tsunami wave runup through mangrove forests 
fringing the shallow coastal areas in Penang was simulated running a model based on the non-
linear shallow water equation. The wave heights and velocities at 50 m depth offshore simulated 
by the propagation model TUNA-M2 were used as input to simulate wave runup through 
mangroves along shallow coasts by the runup model TUNA-RP.  
Zhang et al. (2012) studied the protection that mangroves delivered against Wilma hurricane in 
the Gulf coast of South Florida. The mangrove forest in South Florida, which is the largest in the 
United States, is mainly distributed along the southwest coast of Florida next to the Gulf of 
Mexico and the south coast adjacent to Florida Bay, covering a coastline of 200 km and an area 
of 2800 km2. The width of the mangrove zone varies from 6 to 30 km along the coast, depending 
upon topography, the range of tidal flooding, and the amount of freshwater from the 
Everglades. Tall mangrove trees with heights of 4-18 m and stem diameters of 5-60 cm occupy 
the Gulf Coast and the west portion of the northern Florida Bay Coast, while scrub mangroves 
with heights less than 4 m are distributed further inland. The dominant species of the forest are 
Rhizophora mangle, Laguncularia racemosa, and Avicennia germinans.  
With the data extracted from the area at the point when hurricane Wilma reached the coast, 
with the CEST model, operating in a depth-integrated, two dimensional (2D) form over an 
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orthogonal curvilinear grid, it was possible to simulate Wilma’s surge to study its interaction 
with the mangroves located on the coast (Zhang et al., 2012).  
3.2.2.1.2.2. Field experiments 
Barnuevo et al. (2017) conducted the study in Olango and Banacon Islands, in the central part 
of Philippines from October 2011 to November 2015. Olango Island is larger in area (4482 ha) 
than Banacon Isand (425 ha) and also the first Ramsar site in the Philippines. It is surrounded by 
broad sandy beaches and rocky shorelines, inshore flats, seagrass beds, coral reefs, mangrove 
forests and mudflats. The southern end of the island forms a shallow bay covered by limestone 
sediment of coral origin. For the last 30 years, various NGOs have planted Rhizophora stylosa at 
high density, in the intertidal areas of lower elevations along the eastern shoreline. On the other 
hand, Banacon Island is a low-lying island with 96% of the intertidal area covered by mangrove 
forests and only 15 ha of dry land are used as residential area. It is often showcased as a success 
story of community-based initiatives in mangrove planting since the 1950s due to the high 
survival rate of the plantation and without government-led intervention, and this practice is 
continuing. The local residents of the island have planted R. stylosa in about 500 parcels and the 
size of each patch varies from 100 to 40,000 m2 which were tightly clustered forming into a 
contiguous mosaic of different stands that are separated by narrow boat pathways.  
An aerial survey was conducted via helicopter which traversed the natural and planted forests 
to identify and determine the distribution of the planted and natural mangrove areas. This 
survey served as basis for the selection of the plots in subsequent ground sampling. Random 
sampling was used and the transect line plot (100 m2) method was employed to assess the 
mangrove vegetation structure. The transect line was laid perpendicular to the shoreline and 
the plots (50 m apart) were demarcated along the transect traversing from seaward fringe, 
middle and to landward zone. A total of 44 plots in natural forest and 20 in planted forest were 
assessed. The unequal number of sampling plots between natural and planted is due to the 
observed homogeneity of planted forest stand in terms of height and diameter at breast height 
(DBH). The DBH taken approximately 1.3 m above the ground and height of mangroves within 
the plots were taken with a DBH tape and a laser distometer respectively. Plants were then 
categorized based on their DBH and height as trees (DBH greater than 0.04 m and height above 
1 m), saplings (DBH of less than 0.04 m and height above 1 m) and seedlings (height less than 1 
m) (Barnuevo et al., 2017).  
The forest structure data were tested with Shapiro-Wilk test for normality and one-way ANOVA 
followed by Tukey's HSD (honestly significant difference) test to determine the differences using 
the statistical package SPSS for Windows. The tree density and DBH were analyzed using PRIMER 
5. Multi-dimensional scaling (MDS) ordination on the basis of Bray-Curtis similarity on square 
root transformed data as descriptors were run to explore biological community similarities. This 
puts the similarity matrix into an ordination plot in order to explore trends between sites by 
using an algorithm which successively refines the positions, resulting into a two-dimensional 
ordination plot. Points that are close together represent samples that are very similar in 
composition. Significance tests for differences between forest types were performed using one-
way ANOSIM permutation test on the similarity matrix. The plot that contributed most to the 
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dissimilarities between sites was investigated using SIMPER. This analysis breaks down the 
contribution of each species to the observed similarity (or dissimilarity) between samples and 
allowed to identify the species that are most important in creating the observed pattern of 
similarity (Barnuevo et al., 2017).  
 
3.2.2.1.3. Efficiency and factors conditioning the use of Mangroves  
The results obtained by Yanagisawa et al. (2009), were calculated with the inputs of a constant 
slope with a gradient of 1:400 in the sea, for a mangrove forest density of 0.2 trees/m2 and a 
stem diameter of 15 cm. A Manning coefficient of bottom friction of 0.04 was assumed, including 
the resistance of prop roots. The inundation depth and period of the incident wave were 3.0 m 
and 30 min, respectively, at the shoreline. The model showed that a 400 m wide mangrove area 
could reduce the maximum tsunami inundation depth by 26% and the maximum hydraulic 
pressure by 57% behind the mangrove forest. The effect of the width of the mangrove forest 
was investigated, founding that a 1000 m wide mangrove forest could reduce the maximum 
hydraulic pressure by 80% and the maximum tsunami inundation depth by 45% The result of the 
trial calculation indicates that the assumed mangrove forest reduces the energy of a tsunami 
with a 3 m inundation depth, and could mitigate tsunami damage. It was examined the limit of 
the reduction effects of a mangrove forest (15 cm stem diameter, 400 m width, and 0.2 trees 
m2) by changing the tsunami inundation depth of the incident wave. Yanagisawa et al. (2009) 
found that 50% of the mangrove forest was destroyed by a 4.5 m inundation depth, and most 
of the mangrove forest was destroyed by a 6 m inundation depth. The reduction effect 
decreased when the tsunami inundation depth exceeded 3 m, and was mostly lost when the 
tsunami inundation depth exceeded 6 m.  
Following with the previous results, Teh et al. (2009) concluded that if the maximum wave height 
and velocity at the shore without a mangrove forest is 1.0 m and 1.0 m/s, respectively, then in 
the presence of a mangrove forest of 100 m width (or 1% of wavelength of 10 km), the maximum 
wave height and velocity will be reduced to 0.78 m and 0.73 m/s, respectively. Similarly in the 
presence of the mangrove forest of 500 m width (or 5% of wave length of 10 km), the maximum 
wave height and velocity will be reduced to 0.55 m and 0.50 m/s, respectively. The reduction 
ratios vary significantly depending on the forest widths and the wave lengths as well as the 
mangrove characteristics. Larger widths of forest relative to the wavelength tend to greater 
reduction ratios for given wave elevation and velocity.  
The results show that surge amplitudes, inundation extents, and surge decay patterns change 
remarkably as the width of the mangrove zone varies. With a 1 km mangrove zone, surge 
amplitudes at the front of the mangrove zone increase by 3-18% compared to surge amplitudes 
computed there without mangroves. Surge amplitudes at the back of the mangrove zone are 
initially reduced drastically by 16-30%, compared to surge amplitudes at the front of the 
mangrove zone, and then exhibit a gradual decay pattern. With a 3 km mangrove zone, surge 
amplitudes increase and decrease by about 9-32% and 46-57%, respectively, at the front and 
back of the mangrove zone. With a 5 km mangrove zone, surge amplitudes at the back of the 
mangrove zone are reduced by 54-71%. Surge amplitudes at the front of the mangrove zone 
increase by 12-34%, changing little in comparison to surge amplitudes with a 3 km mangrove 
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zone. With a 7 km mangrove zone, surge amplitudes at the back of the mangrove zone decrease 
by more than 72-86%, largely reducing the impact of storm surges to the ecosystems behind the 
mangrove zone. With a 10 km mangrove zone, surge amplitudes at the front and back of 
mangroves change little along the four profiles, compared to those of the 7 km mangrove zone. 
It appears that the threshold width of the mangrove zone for significant attenuation of the storm 
surge from Hurricane Wilma is about 7-8 km (Teh et al., 2009). This indicates that a mangrove 
zone with a width of several kilometers is needed to attenuate most of the storm surge from 
hurricanes like Wilma. Note that surge amplitudes at the front and back of the mangrove zone 
do not increase or decrease linearly as the mangrove zone becomes wider. Large increases in 
peak surges at the front of mangrove zones occur when the widths of mangrove zones range 
from 1 to 3 km, while little change in peak surges at the front of mangrove zones occurs after 
the widths of mangrove zones are larger than 4 km.  
The inundation extent of a rapidly moving Category 5 hurricane with a forward speed of 11.2 
m/s is mostly restricted inside the mangrove zone. In contrast, the water of the storm surge 
from a slowly moving Category 4 hurricane with a forward speed of 2.2 m/s passes through the 
mangrove zone and floods the large area at the back of the mangrove zone. The surge from a 
Category 5 hurricane with a forward speed of 2.2 m/s penetrates through the mangrove zone 
further, leading to 1.6-3.4 m surge amplitudes at the back of the mangrove zone depending 
upon the width of the mangrove zone. Although the mangrove forest reduces surge amplitudes 
by 26-76%, surges can still impact the areas behind the mangrove zone because the wind has 
sufficient time to push the ocean water through the mangrove zone (Teh et al., 2009).  
Field measurements and theoretical analysis show that wind wave energy reduces by more than 
50% within 40-80 m from the shore. Therefore, even a narrow mangrove zone can significantly 
reduce the wind wave impacts, but this is not the case for storm surges. Kilometers of mangrove 
forests are needed to reduce surge heights to a less damaging level for a Category 3 hurricane. 
For slowly moving Category 4 and 5 hurricanes, even a 15-30 km mangrove zone is not wide 
enough to completely attenuate storm surges. Since the attenuation of a mangrove forest is 
much more effective on surges from a rapidly moving (short-period) hurricane than from a 
slowly moving (long period) one, it is expected that a narrower mangrove zone can effectively 
attenuate a tsunami wave with the same amplitude as a surge wave and with a period shorter 
than the surge wave. Since large tsunamis have much higher amplitudes than storm surge 
waves, widths of mangrove zones required to reduce inundation from large tsunami events are 
probably comparable to those for slowly moving, intense hurricanes, e.g., on the order of tens 
of kilometers (Teh et al., 2009).  
The mangrove forests with widths of 6-30 km along the Gulf Coast of South Florida attenuated 
storm surges from Hurricane Wilma (Category 3) by reducing both the amplitude and extent of 
overland flooding, and protecting the freshwater marsh behind the mangrove zone from surge 
inundation. Numerical simulations show that the inundation area by Wilma would extend more 
than 70% further inland without the mangrove zone, causing severe inundation of the wetlands 
behind the mangrove zone. The amplitude of storm surges at the front of the mangrove zone 
increase by 10-30% because of the “blockage” of mangroves to surge water, thus, structures in 
front of mangroves suffer more impacts than the case without mangroves. The decay rates of 
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surge amplitudes are about 20-50 cm/km across mangroves, almost one order of magnitude 
higher than previous estimates. Without the mangrove zone, surge amplitudes would decrease 
gradually landward almost linearly with rates of 6-10 cm/km (Teh et al., 2009).   
Barnuevo et al. (2017) concluded that after several decades of mangrove rehabilitations, there 
is still a limited assessment and evaluation of the outcome and effectiveness of any mangrove 
rehabilitation schemes and the answer to the question of whether planted mangrove mimicked 
the natural forests’ ecosystem services remains unclear. In the Philippines, mangrove 
conservation programs showed a promising outcome in terms of abating habitat loss. The study 
showed that planted forest in Banacon and Olango Islands markedly differed from the reference 
natural stands. Even after 60 years of establishment, the planted forests were structurally and 
floristically different from that with the reference natural stands. The secondary succession in 
the densely planted monspecific R. stylosa in Banacon Island was inhibited as reflected by the 
very low percentage of regeneration potential, whereas recruitment and colonization of non-
planted species was promoted in Olango Island. Reasons for the impairment of succession in the 
former planted site could be attributed to the dense initial planting distance and the subsequent 
shading effects by the canopy that prevents the light from reaching the ground. Though the area 
has been portrayed as an exemplary community-based mangrove reforestation in the country, 
it is only viewed in its socio-economic impacts without looking into its ecology. Thus, the current 
practices of mangrove rehabilitations need to be reviewed and systematically evaluated to 
determine the trajectories of its conservation objectives to achieve the best outcome and 
functionality of the restored habitat (Barnuevo et al., 2017).  
Datta et al. (2012) highlighted the need of multiple use oriented management plans for 
sufficiently accommodating the ecological characteristics and necessity of native mangrove 
stands along with fresh replantations. In many cases, conflicting nature of targets set under 
Community Based Management of Mangroves (CBMM) of projects and erroneous management 
systems aimed to increase the production of timber, charcoal and commercial shrimps, leading 
to extermination of mangroves. Identification of the causes of mangrove degradation at a site, 
selection of appropriate rehabilitation sites, arrangement of suitable seedlings and timely 
planting, regular monitoring of the outcomes and conservation of revived mangrove stands 
were recognized as essential steps for mangrove regeneration. Failure to properly assess any of 
these can lead to disastrous consequences for the marginal communities as CBMM initiatives 
are generally associated with high investment of their capital and labor.  
Bosire et al. (2008) made a noteworthy observation that community managed and properly 
restored mangroves have remarkable recovery potential for biodiversity, provided these 
restored forests are permitted for adequate gestation periods without harvest.  
3.2.2.1.4. Conclusions 
At least 35% of mangrove forest areas were lost worldwide during the 1980s and 1990s alone, 
with losses of 50–80% in some regions. The global loss of mangroves can be attributed largely 
to human population growth and development in the coastal zone. Specific reasons are urban 
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development, aquaculture, conversion to agriculture such as rice farming, and overexploitation 
of timber (Romañach et al., 2018).  
These losses matter, as mangroves 
provide numerous services and benefits 
to nature and to people. Mangroves play 
an important role in buffering coastlines 
against storm surges and tsunamis 
through wave attenuation (Figure 22). 
Studies have shown that the flooded area 
produced by Hurricane Wilma in 2005 in 
southwestern Florida would have 
extended 70% further inland without the 
protection of the 6–30 km zone of 
mangroves. Loss of mangroves will result 
in less protection from both flooding and 
high winds. Some countries, such as 
Guyana, have engaged in educational 
outreach to alert the public about the 
potentially catastrophic consequences of 
mangrove deforestation. Numerous 
studies show that mangroves provide 
nursery habitat for juvenile coral reef 
fishes of many species (Alongi, 2008; Barbier, 2016). It has been shown that mangroves,  
especially the prop roots of Rhizophora, provide structural heterogeneity that is favorable both 
to prey attempting to avoid predators and to predatory fish searching for invertebrate prey 
hiding within the root structure (Romañach et al., 2018). Mangroves also serve as sinks for 
carbon, not only through accumulation of living biomass, but also through litter and dead wood 
deposition, including the trapping of sediments delivered from the uplands. Carbon in mangrove 
sediments does not turn over in the same way it does in terrestrial soil, but builds up vertically 
in response to sea level rise (SLR). Another service provided by mangroves is that of a nutrient 
sink. Denitrification in the anaerobic environment and nitrogen-fixation by certain bacteria and 
cyanobacteria associated with mangrove mud and with above-ground root systems can improve 
water quality from wastewater inputs.  
The source of the most serious threats to mangroves is the increasing human population density. 
Human populations and urban areas are concentrated on coastlines, displacing native 
vegetation. As described in the previous section, conversion of mangrove habitat to agriculture 
and aquaculture is a major factor in mangrove loss. Other direct effects are mining and the 
overexploitation of timber, including clearcutting. Indirect effects include factors such as 
changes in freshwater or tidal flow, pollution from oil exploration, and runoff from solid wastes. 
Disease and pest impacts may be furthered by some of these human related activities 
(Romañach, 2017). Hurricanes and cyclones cause periodic heavy damage. Although these 
storms are natural, cumulative impacts can lead to habitat change. Tsunamis and their 
associated earthquakes have also caused long term change.  
Figure 22: a) Factors affecting wave attenuation and coastal 
erosion in mangroves b) Example of how mangrove's soil 
surfaces rises and potentially keep pace with sea level. 
Source:Garcia et al., 2017. 
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Current projections of climate change and sea level rise (SLR) indicate that these could have 
multiple and varying impacts on mangroves throughout the world. Because of their landscape 
position in the intertidal zone, mangroves are directly affected by SLR, but the effects will 
depend on local topography, slope, the rate of SLR, sources and amount of sediment, and extent 
of area for landward migration. Vertical sediment accumulation in mangrove root systems may 
allow mangroves to keep up with the rate of SLR in areas of higher elevation and those with 
relatively low tidal range, whereas areas of lower elevation and those with greater tidal range 
may not be able to keep pace with SLR (Figure 23). Where possible, mangroves will continue to 
progressively move inland as sea levels rise, to areas where suitable conditions occur. Rising 
global temperature may have little effect on areas already occupied by mangroves in the tropics, 
but could allow them to migrate and colonize farther poleward. Increasing carbon dioxide and 
nitrogen enrichment can augment the ability of Spartina to suppress growth of mangrove 
seedlings, and thus change the competitive relationship between the vegetation types 
(Barnuevo et al., 2017). 
Numerical experiments indicate that widths of mangrove zones affect surge attenuation 
nonlinearly, with large reduction at the initial increment of widths and small reduction at 
subsequent increments. A 7-8 km wide mangrove zone, which reduces amplitudes of Wilma’s 
surges by about 80%, provides protection to the wetlands and structures behind the mangrove 
zone from surge impacts. Surges from a Category 5 hurricane with a rapid forward speed are 
also mostly restricted inside the mangrove zone, while surges from a Category 4 hurricane with 
a slow forward speed can penetrate through the mangrove zone. Storm surges from a slowly 
moving Category 5 hurricane, which reach 2-3 m high at the back of the mangrove zone, can still 
cause damage to the inland wetlands and structure (The et al., 2009). A mangrove forest with a 
width of tens of kilometers is needed to attenuate surge amplitudes from slowly moving, most 
intense hurricanes to a level which results in insignificant damage.  
Several intents to rehabilitate damaged areas of mangroves have been realized the last few 
decades. For example, 440 million propagules were planted in the Philippines over the course 
of two decades at a cost of US$17.6 million, though they experienced either high mortality or 
stunted growth, and replanting success in the Philippines is generally low, at 10%–20%. Planting 
success in rehabilitation programmes in West Java, Indonesia, achieved similar low levels of 
Figure 23: Identification of the least and most vulnerable regions to climate change of the world's mangrove 
forest. Source: Alongi, 2008. 
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seedling survival. Large-scale mangrove afforestation programmes in Bangladesh often need 
multiple replantings due to high seedling mortality in the early stages. Similarly, mangrove 
rehabilitation projects in Malaysia have had low or mixed success, despite the construction of 
expensive engineering structures to try and protect mangrove seedlings from coastal wave 
conditions (Friess, 2017).  
In one of the best documented examples of mangrove rehabilitation monitoring, it was reported 
that only 3 out of 23 rehabilitation projects in Sri Lanka showed seedling survival above 50%, 
and 9 out of 23 sites showed 100% seedling mortality. Low rehabilitation success is caused by a 
range of socioeconomic, physical and ecological constraints, ranging from insecure land tenure, 
perverse planting incentives, planting of inappropriate species in inappropriate locations (e.g., 
subtidal seagrass beds) and pool knowledge of species responses to physical parameters such 
as tidal inundation (The et al., 2009).  
In Pulau Tekong (Singapore) Rhizophora apiculta and Rhizophora mucronata propagules were 
planted in two reclaimed zones that were overlain with a 0.5– 1 m thick layer of mangrove mud. 
Propagules were planted at an elevation of +1.8–2.2 m CDL (Chart Datum Low Water), and some 
were also grown in floating nurseries installed in the mangroves for acclimatization, until 
outplanting after 2 months (Friess, 2017). The eroding coastline and mangrove forest around 
Pulau Tekong provided a unique rehabilitation challenge for Singapore. A hybrid mangrove-
engineering approach was required in order for mangroves to survive in high-energy 
hydrodynamic conditions beyond the thresholds that mangrove seedlings can survive. This 
project has built competency in ecological engineering in Singapore, and the experience of 
ecologists and engineers collaborating bodes well for the future deployment of ecological 
engineering solutions. The engineers aimed to achieve a tree density of 1,900 trees per hectare, 
or 25,000 trees within the whole site, to match tree densities in surrounding natural mangroves. 
In total, over 400,000 propagules were planted, equating to a propagule density of over 29,000 
planted per hectare, which is over an order of magnitude higher than the required tree density. 
Information on survival rates for this site are not available, though surviving trees grew to a 
height of 1.5–2 m after 5 years. After more than 25 years, the rehabilitation site is fully 
revegetated and stand density is high (Friess, 2017).  
A similar approach has been trialed in Peninsular Malaysia, where the coastline of Sungei Haji 
Dorani was experiencing severe erosion due to extensive land reclamation and an insufficient 
mangrove width. This led to poor establishment success of mangrove seedlings (Friess, 2017). 
In this instance, a detached low-crested breakwater was constructed to protect the existing 
mangrove and artificially planted seedlings on the leeward side. Similar to the approach at Pulau 
Tekong, seedlings at Sungei Hajo Dorani were also planted in protective structures to increase 
colonization success under high hydrodynamic conditions. Despite such protection, only 
approximately 30% of seedlings survived the first 6 months. Even if seedlings can be established, 
such approaches may have mixed success over the long term, as a key step in a mangrove 
rehabilitation project is to address the original cause of mangrove disturbance.  
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As the mangroves have been proven to be able to mitigate powerful natural events and it has 
been possible to restore damaged areas successfully, the technological readiness level of the 



























Coastal wetlands are formed adjacent to the margins of continents by tidal forces, fresh water 
inputs, sediment transport and biota. Coastal wetlands are considered to be amongst the most 
productive ecosystems and can provide invaluable services (Wamsley et al., 2010; Zhao et al., 
2016; Leonardi et al., 2018). Coastal marshes serve as the interface between dry land and oceans 
throughout the world and are known to affect the local hydrodynamic climate (Anderson and 
Smith, 2014; Belliard et al., 2016). The aquatic vegetation comprising these systems is shown to 
drive the flow structure of unidirectional flows by controlling turbulence intensity, mass 
transport, and the development of mixing layers. With infrastructure and population ever-
increasing along the coasts, the potential of coastal vegetation to mitigate storm damage and 
act as a non-intrusive buffer or “bioshield” is of recent increased interest (Anderson and Smith, 
2014) (Figure 24). 
From an ecological perspective, salt marshes provide rare and unique habitats supporting 
nursery grounds for fishes and breeding/feeding grounds for birds. They also filter nutrients and 
pollutants from tidal waters and supply abundant organic matter, thus making these tidal 
wetlands among the most valuable ecosystems on Earth. Simultaneously, salt marshes are 
among the most exposed ecosystems to climate change and human disturbance. Marshes 
appear to be degrading in various regions worldwide in response to modern accelerations of sea 
level rise (SLR), and this degradation is expected to be further pronounced within the current 
century (Belliard et al., 2016). In view of their societal and ecological relevance, it is therefore 
important to improve our understanding on the chief processes that drive salt marsh evolution, 
particularly in the face of environmental change, to address issues of conservation. The long-
term persistence of salt marshes appears related to the maintenance of a delicate balance 
between sediment and nutrient inputs, and external agents such as wave energy, storm surges, 
tidal inundation, and sea level rise (Leonardi et al., 2018)  
Figure 24: Global distribution of field studies evaluating coastal protection services provided by salt 
marshes. Source: Shepard et al., 2018. 
 
 62 
However, coastal wetlands are also severely threatened, and considered to be the ecosystem 
most sensitive to global sea level rise. Although the coastal zone only cover 4% of the earth total 
land area, this narrow region provides harbors for nearly one-third of the world’s human 
population, and also provides critical habitat for organisms such as migratory waterbirds. 
However, coastal wetlands have been suffering from serious degradation, alteration or loss due 
to intense anthropogenic activities (i.e., wetland reclamation, pollution and drainage), and thus, 
coastal wetlands are listed amongst the most heavily damaged of natural ecosystems 
worldwide. It is estimated that approximately 50% of salt marshes, 35% of mangroves and 29% 
of seagrasses have been lost or degraded due to environmental stresses and human 
disturbances. The loss or degradation of coastal wetlands could lead to biological invasions, poor 
water quality, decreased coastal protection from hurricanes and storms, fishery losses and 
threats to the ecological safety of coastal areas. Moreover, the deterioration of coastal wetlands 
causes loss in carbon storage, which could accelerate regional climate change. Therefore, there 
is an urgent need to develop and improve ecological restoration methods to rehabilitate or 
restore degraded coastal wetlands (Belliard et al., 2016).  
3.2.2.2.2. Use of Wetlands in coastal protection 
 
3.2.2.2.2.1. Laboratory experiments 
Augustin et al. (2009) presented an engineering approach for quantifying the impacts of 
commonly occurring coastal wetlands on the wave field using existing wave models.  
Experiments were conducted in a wide wave flume constructed in the Haynes Coastal 
Engineering Laboratory shallow water wave basin and in the narrow wave flume at Texas A&M 
University to assess the effects of water depth, wave period, and stem density (N) on wave 
attenuation through synthetic plant fields. Both rigid elements constructed out of cylindrical 
wooden dowels and flexible elements constructed out of polyethylene foam tubing were 
analyzed. The diameter, material density, and tensile strength of the polyethylene foam were 
12 mm, 32 kg/m3, and 344.7 kPa, respectively. The diameter of the wooden dowels was also 12 
mm in order to compare the effects of rigid versus flexible plant type.  
Three different test scenarios were attempted using rigid and flexible vegetation elements. The 
first experiment consisted of a flexible polyethylene foam vegetation field with a stem spacing 
of ΔS = 10.2 cm corresponding to a stem density of N = 97 stems/m2 and was selected to 
minimize sheltering effects in order to simplify the problem for initial study. For the second set 
of experiments the stem density was doubled to N = 194 stems/m2 by placing a stem in the 
center of each 10.2 cm2; this stem density corresponds with a stem spacing of ΔS = 7.2 cm. The 
third vegetative scenario was constructed out of rigid cylindrical dowels using the higher stem 
density layout. The synthetic vegetation field measuring 6 m long and 4.6 m wide and with a 
stem spacing of ΔS= 10.2 cm corresponding to a stem density of N=97 stems/m2 was placed near 
the center of the wide basin flume (Augustin et al., 2009).  
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3.2.2.2.2.2. Numerical studies 
Kirwan and Temmerman (2009) considered the response of marshland to accelerations in the 
rate of sea level rise by utilizing two previously described numerical models of marsh elevation. 
The adjustment of tidal marsh elevations to changing sea levels was modeled using two 
previously described zero-dimensional numerical models. The first (hereafter referred to as the 
Morris model), was constructed to simulate salt marshes in the North Inlet Estuary, South 
Carolina. The second (hereafter referred to as the Temmerman model), was constructed to 
simulate tidal marshes in the Scheldt Estuary, Belgium–SW Netherlands. Both models were 
designed to understand long-term elevation dynamics at a single point, assumed to be 
characteristic of an entire marsh platform. Their basic approach is to calculate the rate of 
elevation change at annual time steps as a function of inundation depth and sediment supply 
(Kirwan and Temmerman, 2009).  
Kirwan et al. (2010) used simulations from five numerical models to quantify the conditions 
under which ecogeomorphic feedbacks allow coastal wetlands to adapt to projected changes in 
sea level.  
In a first set of model experiments, it was considered the transient behavior of a marsh adjusting 
to a relatively slow and a relatively fast acceleration in the rate of SLR. In a second set of model 
experiments, the dependency of this threshold rate of SLR on environmental conditions that 
vary in estuaries around the world was explored. Specifically, the maximum rate of SLR 
conducive to wetland stability was identified for different combinations of tidal range and 
suspended sediment concentration (Kirwan et al., 2010).  
Wamsley et al. (2010) studied the storm surge reduction potential of wetlands. Previous studies 
that have measured inland surge propagation were briefly reviewed and recent measurements 
from Hurricane Rita were analyzed. A high resolution numerical storm surge model was applied 
to assess the sensitivity of surge response to specified wetland loss. The analysis was limited to 
hurricane surges, but wetlands also influence storm waves. The role of wetlands in coastal 
protection was investigated by comparing peak computed water levels for the base and future 
wetland conditions across two wetland areas in Southeastern Louisiana (Wamsley et al., 2010).  
Temmerman et al. (2012) demonstrated that tidal marsh die-off, which may increase with 
ongoing global change, is expected to have non-linear effects on reduced coastal protection 
against flood waves.  
Flood wave propagation through a tidal marsh was simulated using the DELFT3D-FLOW model. 
This hydrodynamic model computes flow characteristics, such as flow velocities and water level 
changes, over a two or three dimensional finite difference grid, based on the Shallow Water 
equations. Then were performed simulations of flood wave propagation over a rectangular grid 
representing an idealized coastal zone of 2 km alongshore length and 200 km cross-shore length, 
of which 20 km of tidal marsh and 180 km of off-shore coastal zone (Temmerman et al., 2012).  
Vuik et al. (2016) analyzed the effect of vegetation on wave damping under severe storm 
conditions, based on a combination of field measurements and numerical modelling. Field 
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measurements were carried out at two exposed salt marshes in the Western Scheldt estuary in 
the Netherlands. At both marshes, four wave gauges (Ocean Sensor Systems, Inc., USA) were 
deployed in the same configuration.  
The measurements of wave propagation over vegetated foreshores were reproduced with the 
spectral wave model SWAN (Simulating WAves Nearshore). The SWAN model includes a depth-
induced wave breaking model, different formulations for bottom friction, and a method for 
accounting wave damping by vegetation. SWAN is capable of reproducing energy dissipation in 
shallow water, as long as the amount of long wave energy is limited (Vuik et al., 2016).  
Stark et al. (2016) studied the capacity of tidal wetlands to locally attenuate peak water levels 
during storm tides using a two dimensional hydrodynamic model (TELEMAC2D) for a 3000 ha 
intertidal marsh (SW Netherlands). The studied marsh is the ‘Verdronken Land van Saeftinghe’, 
a 3000 ha brackish intertidal marsh along the Western Scheldt estuary (SW Netherlands). A 
semi- diurnal macrotidal regime induces High Water Levels (HWLs) at the study area between 
2.18 m and 3.15 m above NAP (the Dutch ordnance level, close to mean sea level) for neap and 
spring tides respectively. The tidal range varies between 4.02 m and 5.57 m (Stark et al., 2016).  
Following with their research, Stark et al. (2017) studied tidal hydrodynamics, and tidal 
asymmetry in particular, for model scenarios with different input bathymetries and vegetation 
coverages that represent different stages of eco-geomorphological marsh development, from a 
low elevation stage with low vegetation coverage to a high and fully vegetated marsh platform. 
The study was carried in the same location as the one in the intertidal channels of the 
‘Verdronken Land van Saeftinghe’. The most eastward channel (‘Hondegat’) and adjacent 
marshes are the subject of study. Detailed field measurements of tidal water level movements 
and a validated two-dimensional hydrodynamic model are available for this area. The marsh 
platform is covered by various types of vegetation, of which Elymus athericus and Scirpus 
maritimus are the most abundant. Nowadays, a semi-diurnal macrotidal regime induces a tidal 
range of 4.0-5.6 m in the estuary channel adjacent to the study area. High water levels at the 
study area vary between 2.18 m and 3.15 m above NAP (NAP is the Dutch ordnance level, close 
to mean sea level), with a mean high water level (MHWL) of 2.76 m.  
Vuik et al. (2018) presented a model which determined the wave load that plant stems can 
withstand before they break or fold. Two salt marshes in the Western Scheldt of the Netherlands 
were selected as field sites for the wave and vegetation measurements. The first location is 
Hellegat, where Spartina anglica (common cord-grass) is the dominant plant species, and the 
second is Bath where Scirpus maritimus (sea club-rush) is prevalent. The bathymetry of both 
sites was measured using RTK-DGPS.  
3.2.2.2.2.3. Field experiments 
Möller et al. (2011), studied wave dissipation within coastal reed beds by means of empirical 
field observation. The data was obtained from a field installation of two wave recording 
transects on the southern Baltic Sea coast at sites of very different wave exposure and water 
depths, for a range of conditions between October 2008 and January 2009. Specifically, the 
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study addresses: the relationship between local geomorphological setting and hydrodynamic 
energy exposure, as well as quantifying associated reed bed vegetation characteristics; the 
characterization of wave transformation (energy reduction and wave period shifts) within 
emergent reed vegetation through an analysis of full wave energy spectra; and the role of water 
depth and incident wave characteristics in influencing wave dissipation through coastal reed 
beds with a particular morphology and vegetation density/stem diameter.  
Anderson and Smith (2014), evaluated 
the wave attenuation, including the 
parameters of stem density, 
submergence, wave height, and peak 
period. The experiments were 
performed at the U.S. Army Engineer 
Research and Development Center in 
Vicksburg, Mississippi. The flume 
measured 63.4 m long, 1.5 m wide, and 
1.5 m deep, and was equipped with a 
computer-controlled electro-hydraulic 
piston wave generator. The wave flume 
was approximately 0.45 m deeper at the 
wave generator. The deep section housing the wave paddle was 5.4 m long, followed by a 1:44 
slope for 19.5 m that connected to a 12.2 m long, 1.5 m deep flat testing area. Behind the flat 
there was an 11.3 m long, 1:20 concrete slope.  
In natural S. alterniflora beds, stem density (N) is highly variable, depending upon the depth, 
health, and age of the stand. Two spatial densities of N = 200 and 400 stems/m2 were tested, 
which correspond to a grid spacing of 7.1 and 5.0 cm (Figure 25). This density range is 
representative of natural S. alterniflora meadows. Water depth at the vegetation was varied to 
model emergent conditions (ls/h = 1.0), near-emergent conditions (ls/h = 0.91), and more 
submerged conditions (ls/h = 0.78), where submergence is defined using the ratio of average 
stem length ls to water depth h (Anderson and Smith, 2014).  
Rupprecht et al. (2017) analyzed the vegetation-wave interactions in canopies of two salt marsh 
grasses, the low growing and flexible Puccinellia maritima and the tall, less flexible Elymus 
athericus, over a wide range of wave conditions. The study was carried out in conjunction with 
an experiment on wave dissipation over natural salt marsh transplants under storm surge 
conditions. This experiment was conducted in the 5 m wide, 7 m deep and approximately 310 
m long Large Wave Flume (GWK) of the Forschungszentrum Küste (FZK) in Hannover, Germany 
and lasted 17 days (15–31 October 2013).  
The marsh canopy was submerged for 2–3 days at a time for wave tests. After each two day 
period of submergence the vegetation was exposed for at least 12 h to allow plants regular gas 
exchange. As wave dissipation can be induced through both wave-plant and wave-sediment 
bottom interactions, a number of tests were conducted with initially intact and then removed 
(mowed) vegetation (height of remaining plant stems after mowing approx. 2–3 cm). This 
Figure 25: Inside the wave flume experiment carried by Anderson 
and Smith with N=400. Source: Anderson and Smith, 2014. 
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enabled to quantify the effect of vegetation on the observed wave dissipation. During the course 
of the experiment, the entire vegetated test section was illuminated for the benefit of the plants 
by a total of 60 lamps (GE 750 W 400 V PSL or equivalent) mounted along the upper margins of 
the flume. Eight wave heights H= 1–0.9 m, seven wave periods (T= 1.5–6.2 s) and two different 
water depths (h= 1 m and 2 m) were simulated to analyze vegetation-wave interactions in 
canopies of Puccinellia and Elymus. For each hydrodynamic condition tested, regular non-
breaking waves (96 ≤ N ≤ 148) were generated (Rupprecht et al., 2017).  
3.2.2.2.3. Efficiency and factors conditioning the use of Wetlands  
The experiments of Augustin et al. (2009) showed that emergent conditions resulted in a higher 
amount of wave attenuation compared to near-emergent conditions. Emergent conditions are 
most prevalent in marsh and wetland systems during regular tidal conditions and during initial 
inundation by storm surge. Emergent conditions are expected to result in a higher amount of 
wave attenuation because the plant stem occupies the entire depth of the water column, unlike 
near-emergent conditions where the plant stem does not impede the motion of the top portion 
of the water column where orbital velocities are greatest. Near-emergent plant conditions are 
important when the wetland becomes inundated by storm surge, or in the case of subaquatic 
vegetation. The wave height decay followed the same trends for all the experimental cases and 
appeared to be most dependent on the ratio of stem length to water depth and stem density. 
Motion of the flexible elements is an important factor when considering the effects of plant 
rigidity on wave attenuation (Augustin et al., 2009).  
The developed equations for both emergent and near-emergent plant conditions can be applied 
to estimate wave damping for practical engineering purposes if the vegetation stem density lies 
within the experimental range analyzed here, between 97 stems/m2 and 194 stems/m2, which 
are reasonable approximations for wetland plant species such as the commonly-occurring low 
marsh S. alterniflora plant species (Augustin et al., 2009).  
The model experiments of Kirwan and Temmerman (2009) suggested that it takes on the order 
of 100 years for a marsh to adjust to an increase in the rate of sea level rise, and that during a 
continuous sea-level acceleration, accretion rates lag sea level rise rates by about 20–30 years. 
These results are similar to some previous field and modeling observations. It has been reported 
that a lag between peat accretion and sea level rise rates of about 10 years for salt marshes in 
Massachusetts. Similarly, records of peat accretion from Connecticut appear to respond to sea-
level oscillations with periods greater than 20–50 years, but tend to smooth out shorter period 
oscillations. These results may suggest that marshes dominated by inorganic sediment 
deposition respond to fluctuations in sea level in a manner similar to marshes dominated by 
organic matter accumulation. These results are consistent with field observations, and suggest 
that marshes are generally near equilibrium with 20th century rates of sea level rise. The models 
predict marsh submergence of 6–14 cm in response to historical sea-level acceleration, and 
submergence of 3–4 cm in response to future sea-level acceleration. While marshes high in the 
tidal frame should be resilient to these depth changes, historical sea-level acceleration could be 




Kirwan et al. (2010) predicted a threshold sea level rise (SLR) rates over a large range of sediment 
concentrations and tidal ranges agree qualitatively with observations from estuaries worldwide. 
The modeling framework discerns between two regions of the Mississippi/Atchafalaya River 
Delta (USA) that have responded to SLR in very different manners despite similar tidal ranges 
(<1 m) and relative SLR rates (10 mm/year). Specifically, the models predict that marshes would 
survive this rate of relative SLR at sediment concentrations measured in the Old Oyster Bayou 
region (70 mg/L), but submerge at concentrations measured in the Bayou Chitique region (20 
mg/L). These predictions are consistent with observations of stability and rapid accretion in the 
extensive marshes surrounding Old Oyster Bayou, and observations of rapid submergence and 
erosion in Bayou Chitique. At high tidal ranges and suspended sediment concentrations (SSC), 
their results suggest that marshes can persist under extremely high rates of relative SLR (>100 
mm/year).  
Wamsley et al. (2010), concluded that the range of surge attenuation rates from measured data 
is 1 m per 60 km to 1 m per 4 km; the range from model results is 1 m per 50 km to 1 m per 6 
km. Both model results and observed data suggest that wetlands do have the potential to reduce 
surges but that it is dependent on the landscape (bathymetry, structures, and wetland 
characteristics) and storm characteristics (size, speed, track, and intensity). The effectiveness of 
wetlands at attenuating surge is primarily dependent on the surrounding coastal landscape and 
the strength and duration of the relevant forcing. The forcing duration is primarily governed by 
the forward speed of the storm and the track on which it approaches the coast. The combination 
of the geometry of the coastal landscape and how a storm approaches that landscape 
determines the duration over which water is pushed inland.  
The influence of wetlands on surges was also investigated stochastically to better quantify how 
they may impact levels of protection. The 100 and 1000 year surges were computed for profiles 
across both Caernarvon and Barataria. The loss of wetlands increased the 100 year water surface 
elevation by about 0.15 m in Caernarvon and 0.3 m in Barataria. The 1000 year water surface 
elevation was not affected by the loss of wetlands in Caernarvon as the system was 
overwhelmed with surge (over 7 m). In Barataria, the loss of wetlands increased the 1000 year 
water surface elevation by about 0.5 to 0.6 m (Wamsley et al., 2010).  
Möller et al. (2011), concluded that in exposed coastal shallow-water reed bed environments, 
water depth acts as a key (negative) control on wave energy dissipation. This may be due to the 
ability of vegetation to flex under the influence of waves in deeper water. However, wave 
dissipation also increases with increasing incident wave height, suggesting that, despite their 
ability to flex, reed stems may be rigid enough to result in an increased drag under increased 
wave forcing. 
Temmerman et al. (2012) obtained attenuation rates for marshes with 0 to 50% of die-off 
between 0.06 and 0.09 m/km for the first 10 km of marsh, and between 0.15 and 0.23 m/km for 
the next 5 km. These values match with the range of storm surge attenuation rates that have 
been reported from measured data (0.04 to 0.25 m/km) and from storm surge modeling for 
coastal Louisiana (0.02 to 0.17 m/km). 
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Vuik et al. (2016) proved that vegetated foreshores can reduce wave energy during severe storm 
conditions significantly. Even though energy dissipation by vegetation is most effective at small 
water depths and with high biomass, the wave energy reduction for larger inundation depths 
and the vegetation being in winter state is still considerable. Vegetation drag substantially 
contributes to the total wave energy dissipation. The presence of vegetation leads to an 
additional reduction rate of the significant wave height of 25–50% with respect to the dissipation 
by only wave breaking and bottom friction on the sloping transects. Under storm conditions with 
relatively small wave height to water depth ratios, depth- induced wave breaking on the 
foreshore is limited, but wave attenuation by vegetation can already be substantial. For larger 
wave height to water depth ratios, the presence of vegetation prevents intense wave breaking 
to occur, since the wave energy is dissipated more gradually. The absence of intense wave 
breaking might contribute to the stable character of the salt marsh sediments.  
Stark et al. (2016), found that limitations in storage area or marsh extent have a considerable 
impact on storm surge attenuation and may drastically reduce attenuation rates. Storage area 
limitations can be caused by the blockage or reflection against a dike or similar structure 
confining the marsh surface area and prevent a marsh from reaching its full attenuation 
capacity. Moreover, attenuation rates can even be minimized or amplification of High Water 
Levels (HWLs) can occur, as is the case for the highest storm tides in the reference simulation 
and the simulation in which the dike is moved landward by 1 km. The simulation in which the 
platform is extended much further by 5 km does not show a drastic decrease in attenuation 
rates for higher overmarsh storm tides. In that simulation, the propagating peak of the tidal 
wave has not yet reached the dike behind the marsh before the ebb tide starts and water levels 
decrease again. Therefore, storage area limitations do not affect HWL reduction in the studied 
marsh section in this simulation. Sensitivity of storm surge reduction to limitations in storage 
area relative to the duration of the hydrodynamic forcing implies that the duration of a storm 
surge or flood wave affects storm surge reduction rates across a given wetland. In micro-tidal 
cases, however, faster moving storms cause flood waves with a shorter duration and are found 
to result in higher storm surge reduction rates than slower moving storms with longer flood 
wave durations. One result reached was that the minimum extent of the studied marsh should 
be between 6 and 10 km to completely avoid blockage effects for the highest modeled storm 
tides and to optimize the attenuation capacity of the marsh and that deeper channels exert less 
friction and lead to a reduction of marsh scale attenuation rates, while shallow marsh channels 
exert more friction and increase marsh scale attenuation rates.  
Rupprecht et al. (2017) obtained at low orbital velocities (Upeakfpred≤32cm s
-1) and the Cauchy 
number (Ca) with values ≤ 120, a minor effect of vegetation and its biophysical properties on 
near-bed orbital velocities and bed shear stress. Wave damping was also observed to be lower 
for waves of smaller height than for more energetic waves, in which Spartina anglica and 
Puccinellia maritima species were subjected to waves of between 0.12 and 0.2 m height in ≤1.0 
m water depth.  
At medium orbital velocities (42≤Upeakfpred≤63cm s
-1) and 141≤Ca≤473 larger differences were 
found in the effect of Puccinellia and Elymus on orbital velocity, caused by a different degree of 
‘canopy flattening’ and different susceptibility to stem folding between the two canopies. Lower 
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values of Ca in Puccinellia in comparison to Elymus imply a greater ability of Puccinellia to re-
orientation after bending and hence a higher flow resistance. This holds true under a water 
depth of 2 m and long wave periods (4.1 s), when both canopies exhibited swaying movement. 
Here the Elymus canopy experienced stem folding and had no significant effect on orbital 
velocity. By contrast, Puccinellia caused a considerable decline in orbital velocity (−35%), a 
decrease that may enhance sediment deposition and decrease bed shear stress. In all of the 
tests, Puccinellia provided a lower flow resistance compared to Elymus. This is presumably 
because the onset of whip-like movement occurred in Puccinellia at lower (medium) orbital 
velocity than in Elymus, an effect that could not be captured by the calculation of Ca (Rupprecht 
et al., 2017).  
The transition from swaying to whip-like movement occurred in Puccinellia at a value of Ca = 
319 and the ratio of plant height to wave orbital excursion  L = 0.6 and hence at a greater wave 
orbital excursion and higher orbital velocities as assumed for flexible aquatic vegetation, where 
properties of whip-like movement are postulated to only start to occur at L values of ≈ 1. In 
Elymus the transition to whip-like movement occurred at Ca= 664 and L= 1.8, suggesting that 
folding of stems may favor the onset of whip-like movement (Rupprecht et al., 2017).  
At high orbital velocities Upeakfpred higher than 74 cm s-1 and a Cauchy number 449 ≤ Ca ≤ 994 
both Puccinellia and Elymus caused an increase of orbital velocity compared to mowed 
conditions and exhibited a whip-like movement. The reconfiguration of canopies to a flattened 
‘shielding’ posture, close to the soil surface for a large part of the wave cycle, can be expected 
to protect the bed from erosive processes. However, high orbital velocities above the canopy 
may reduce the chance of sediment particles settling on the bed, thus leading to a passive 
protective role of the canopy rather than an active sediment-enhancing role  (Rupprecht et al., 
2017).  
Vuik et al. (2018) revealed a strong seasonal variation in wave attenuation by salt marsh 
vegetation. Common cord-grass (Spartina anglica) and sea club-rush (Scirpus maritimus) were 
used as study species. From field observations and an analysis of the seasonal variation in wave 
attenuation, the aboveground biomass of these species was found to gradually diminish during 
the storm season (October to March in the Netherlands). At the end of winter, typically only a 
rough salt marsh bottom with remainders of folded and broken vegetation is present. From April 
onwards, new shoots start to grow, which eventually develop to dense vegetation with high 
wave damping capacity in summer.  
Spartina is relatively stable with a mean critical orbital velocity in the order of 0.5-1.2 m/s. The 
stability of Scirpus is lower, because of its smaller strength, lower flexibility and longer stems, 
with a mean critical orbital velocity of 0.3-1.0 m/s. These velocities are based on H1/10, which is 
the mean height of the highest 10% of the waves. The stem breakage model was implemented 
in a wave energy balance to combine the calculations of wave attenuation and stem breakage. 
If the variation in individual stem properties is taken into account, a spatially varying fraction of 
broken stems can be calculated. In this way, bimodal model behavior is prevented, in which all 
stems either stand or break (Vuik et al., 2018).  
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Henry et al. (2015) reviewed the different plant drag coefficients Cd valid in oscillatory flows. The 
study first highlights the lack of normalization of the different existing Cd formulations and 
identifies possibilities for a standardization of the formulations for oscillatory and steady flows 
(Figure 26).  
By reviewing the different plant drag coefficients proposed for oscillatory flow. The study first 
pointed out the lack of normalization of the different Cd formulations. Due to their calibration 
against experimental datasets, there is a multitude of coefficients which are in theory strictly 
valid for the flow conditions tested, and the plant species or surrogate used. The generalization 
of these coefficients to the characterization of plant-flow interactions in waves and currents is 
thus not straight forward, although a direct link can be established between a Cd based on a Kc 
number (low energy wave conditions) and a Vogel exponent (current). An alternative approach 
to link waves and currents in the Cd formulation is to consider the sum of the wave-induced and 
current bulk velocities in the Reynolds number. Overall, a meaningful parameterization of the 
plant-flow interactions seems to depend on an expression of Cd based upon some key 






Data reported in the literature are especially from the US Gulf coast, which is regularly hit by 
hurricane storm surges and where wide marshlands of several tens of kilometers exist in the 
Mississippi delta and in back-barrier tidal lagoons (Leonardi et al., 2018). A rule of thumb, 
derived from these reports, is that peak surge levels are reduced by on average 1 m for every 
14.5 km that the surge has propagated over marshes (6.9 cm/km), with large variations between 
individual hurricane events as much as from 1 m surge reduction per 4 km of marshland (25 
cm/km) to only 1 m per 60 km (1.7 cm/km) (Wamsley et al., 2010). This large variation in 
empirical data indicates that storm surge propagation and attenuation over marshes is complex 
and that the effectiveness of surge height reduction largely varies depending on specific storm 
characteristics, marsh ecosystem properties and larger scale coastal landscape settings (Vuik et 
al., 2016). For a macro-tidal estuarine marsh in the SW Netherlands, Stark et al. (2015), 
presented a large dataset ranging from regular tides to storm surges, showing that the 
magnitude of tidal and storm tide attenuation strongly depends on the marsh inundation depth 
Figure 26: Review of different bulk drag coefficients  for wave forces on different aquatic plants. Source: Henry 
et al., 2015. 
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and the dimensions of channels that dissect the marsh landscape. Maximum attenuation rates 
of up to 5 cm/km were measured over marsh transects with smaller channels and for marsh 
inundation depths of 0.5–1 m, while attenuation rates decreased for shallower and deeper 
inundation events, including storm surges. For mangroves in Southern Florida, hurricane surge 
attenuation rates of 9.4 cm/km have been measured over relatively continuous mangrove 
forests, and slightly lower rates for mangroves along a river corridor (Leonardi et al., 2018).  
Hydrodynamic modelling studies are an important research tool to disentangle the various 
factors controlling the effectiveness of storm surge height reduction by wetlands. Comparing 
the rapidly growing number of publications in the past few years, it can be make a distinction 
between two main mechanisms that depend on the larger-scale landscape setting: storm surge 
attenuation within and behind continuous marshes is basically due to friction exerted by the 
marsh vegetation and soil on the landward propagating storm surge; and storm surges 
propagating through an estuarine or deltaic channel or embayment can be attenuated due to 
lateral flooding and water storage on marshes adjacent to that channel (Wamsley et al., 2010; 
Vuik et al., 2016). The frictional effect is called here within-marsh attenuation and the water 
storage effect along-channel attenuation. Ultimately both take place in most real cases, as 
marshes are typically dissected by networks of tidal channels, implying that surge propagation 
along these channels is affected by both frictional and lateral water storage effects (Stark et al., 
2016).  
Modelling studies, either for idealized marsh geometries or for specific more realistic landscape 
settings (Wamsley et al., 2010), demonstrate that the effectiveness of storm surge attenuation 
depends on specific properties of the storm forcing (such as storm intensity, duration, forward 
moving speed, storm track) (Vuik et al., 2016; Stark et al., 2016), the marsh ecosystem (such as 
marsh size and soil elevation, vegetation density and continuity, within-marsh channel 
dimensions) (Augustin et al., 2009; Kirwan et al., 2010; Henry et al., 2015),  and larger-scale 
coastal landscape settings (such as off-shore bathymetry, shoreline shape, open coast, back-
barrier, estuarine or deltaic setting, levees or dikes behind marshes, etc.) (Kirwan and 
Temmerman, 2009; Rupprecht et al., 2017; Vuik et al., 2018).  
In terms of effects of storm characteristics, attenuation rates are generally higher for shallow to 
moderate storm surge levels and decrease for more extreme storm surges that deeply submerge 
the marshes, as within marsh frictional effects on the storm surge attenuation relatively 
decrease with increasing water depth on the marsh (Wamsley et al., 2010; Temmerman et al., 
2012; Stark et al., 2016; Vuik et al., 2018). Similarly, marshes with a higher soil elevation are 
more effective in attenuating higher storm surges, implying that marshes with a sediment 
accretion deficit and consequently decreasing surface elevation relative to rising sea level, lose 
their effectiveness for storm surge protection (Leonardi et al., 2018). The protective function 
also decreases for storms with a longer duration, as the surge has more time to propagate 
landward and to fill up the whole marsh area.  
In terms of marsh ecosystem properties, wider marshes, of at least 10 or more kilometers wide, 
as well as marshes with a higher soil elevation, are more effective in dissipating the surge (Vuik 
et al., 2017). For example, a marsh in the SW Netherlands, (Stark et al., 2016) showed blockage 
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effects and setup of peak surge levels against dikes behind the marsh, and that the marsh width 
needs to be at least 6–10 km to avoid such blockage effects and to maximize the rate of storm 
surge attenuation.  
Effectiveness of storm surge attenuation also markedly increases with higher ratios of marsh 
vegetation to open water, implying that patchy patterns of gradual marsh degradation, which 
are observed in several marshes around the world, lead to loss the storm protection function of 
marshes. The dimension of the tidal channels also influences surge attenuation; for instance, 
numerical simulations show that the landward flood propagation through the channels is 
facilitated with deeper or wider channels, leading to less storm surge height reduction (Stark et 
al., 2016).  Stark et al. (2016) showed for a marsh in the SW Netherlands that the effects of 
within marsh channel dimensions, marsh platform elevation and storm surge height can be 
combined into one parameter predicting variations in attenuation rate from 0 to nearly 25 
cm/km, as a function of the ratio between the water volume that is present at high tide above 
the marsh platform and the total water volume above the platform and in the channels.  
Field measurements of wind waves over sand flat to salt marsh crossshore transects, also 
showed that wave energy dissipation over salt marshes is significantly higher (up to 82% of the 
energy is dissipated) then on sand flats (29% dissipation). While part of the wave damping effect 
is attributable to the reduction in water depth on the higher elevated marsh platform (relative 
to the lower elevated tidal flat), the energy dissipation over salt marshes is up to 50% stronger 
even under similar water depth conditions, which demonstrates the important role of 
vegetation in the dissipation process (Leonardi et al., 2018).  
Wave damping is also 
strictly related to the 
relative motion between 
fluid and plants, which 
depends on plants stems 
flexibility, stems 
diameter, and stems 
length. Stems with 
relatively high stiffness 
tend to follow an 
oscillatory swaying 
movement throughout 
the wave cycle, while 
more flexible stems tend to bend in the dominant direction of the orbital flow with a high angle 
which results in canopy flattening, and loss of flow resistance (whip-like movement) (Rupprecht 
et al., 2017). The movement can switch from swaying to whip-like as the wave energy increases 
(for example during storm periods). Increasing plant flexibility reduces the damping of waves as 
stems tend to move with the surrounding water, however stiff plants can break if hydrodynamic 
loads are higher than a critical value (Rupprecht et al., 2017). The dissipative contribution given 
by flexible plants is low, but their deformed configuration (flattening) under high orbital 
velocities (≥ 74 cm s-1) helps to stabilize surface sediments. In contrast, more rigid plants can 
Figure 27: Sketch of mechanisms and sediment fluxes possible responsible for 
salt marsh vertical and horizontal dynamics. Source: Leonardi et al., 2018. 
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reach breakage (from medium orbital velocities), increase turbulence and sediment scouring 
around the stems, and cause more erosion due to increased shear stress values (Figure 27). 
Vegetation stems also tend to flatten as the storm progresses, this causes the dissipation of 
wave energy to decrease, but as suggested by previous work, this flattening might promote the 
stabilization of the substrate. Different artificial vegetation elements have been tested to 
measure drag forces on vegetation under different wave loading (Leonardi et al., 2018). The 
stiffness and dynamic frontal areas (frontal area resulting from bending) are the main factors 
determining drag forces, while the still frontal area of plants dominate the force-velocity 
relationship only for low orbital velocities.  
The techniques used for restoration or creation of coastal wetlands depend on the type of 
wetlands involved. Salt marsh restoration can be performed with several approaches such as 
hydrology restoration, weed management, plant intrusion control, avoidance of disturbance on 
vertebrates, enforcement of grazing regimes and pollution control. The replanting of dominant 
marsh angiosperms can accelerate the recovery of salt marshes. However, in tidal marsh 
creation projects, manipulating topography, hydrology, soils, and planting vegetation are 
essential to create similar conditions to natural tidal marshes in the area through succession. 
Dredged material stabilization, tidal wetland mitigation, shoreline erosion control, accumulation 
of sediment for sea defense and agricultural land creation are typically listed as objectives of 
tidal marsh creation. Degradation of seagrass, which is often caused by eutrophication or 
dredge-and-fill activities, is commonly restored by transplantation. In addition, mechanical 
planting and seeding techniques have also been used to restore seagrass loss (Zhao et al., 2016).  
Although many coastal wetland restoration projects are conducted every year, wetland 
degradation has not been retarded worldwide because of the limited success in wetland 
restoration. Only 45% of degraded coastal wetlands have been restored successfully in Florida, 
for example. This low level of success can be attributed to the limited understanding of wetland 
functions, as well as some important scientific issues (the indicator system and the diagnosis of 
wetland degradation, the dynamic modeling and prediction of wetland degradation, the 
categories of wetland degradation, the success criteria and models, and the effectiveness of 
wetland restoration methods) (Zhao et al., 2016). 
As the Wetland have been proved to be a useful coastal defense and it has been used 
successfully in order to mitigate the effects of the sea over the coast, the Technology Readiness 
Level is 9, although the techniques of wetland restoration have to be improved in the future to 












Seagrasses are the unique group of flowering plants adapted to exist fully submerged. From an 
ecological point of view, seagrasses are habitat-forming ecosystem engineers that facilitate 
many other species and play a relevant role in ecological processes, including trophic transfers 
to adjacent habitats such as saltmarshes, biogenic reefs (e.g. mussel and oyster reefs) and soft-
bottom invertebrate fauna (Koftis et al., 2013). Seagrass habitats have relatively high primary 
productivity, and by providing shelter from predation, can support high biodiversity and faunal 
density and biomass. Moreover, they provide important nursery grounds and feeding areas. 
Seagrass beds also improve water transparency and quality through trapping and storing solid 
particles and dissolved nutrients. They also supply an important source of carbon to the detrital 
pool, some of which is exported to the deep sea (Ondiviela et al., 2014). Like other seagrass 
species, it affects hydrodynamic conditions which in turn control sediment resuspension as well 
as key ecological processes such as nutrient uptake, larval dispersal and recruitment (Manca et 
al., 2012). They reduce current velocity and attenuate wave activity, and by leave-bending the 
within-canopy flow can even be further reduced when currents are high. As a result, 
resuspension is reduced. Seagrass beds might promote seafloor stability and in this way reduce 
resuspension. Reduced resuspension, and also direct sediment trapping, cause accumulation of 
fine sediments and organic matter in seagrass beds relative to adjacent bare areas (Katwijk et 
al., 2010). 
The large areas occupied in the 
Mediterranean (25% of the sea bottom 
between 0–40 m depths) and the 
Atlantic and the valuable coastal 
services provided, make seagrasses a 
good candid ate for climate change 
adaptation. Of about 60 species 
worldwide, seven seagrass species are 
found on Europe (Figure 28) (Halophila 
decipiens, Cymodocea nodosa, 
Posidonia oceanica, Zostera marina, 
Zostera noltii, Ruppia maritima and 
Halophila stipulacea) and four are 
native of the European temperate 
waters: Zostera marina, Zostera noltii, 
Posidonia oceanica and Cymodocea 
nodosa (Ondiviela et al., 2014). To 
locate some species of sea grass around 
the world, Z. noltii is distributed in the 
Mediterranean and along the Atlantic coasts of Europe and northern Africa growing from 
intertidal flats to subtidal depths of 1–2 m. Posidonia oceanica is a Mediterranean endemic 
seagrass and the climax community of a successional process which forms large underwater 
Figure 28: Detail of the gemorphology and geographical 
distribution of Zostera marina, Zostera noltii, Posidonia oceanica 
and Cymodocea nodosa in the European coastal waters. Source: 
Ondiviela et al., 2014. 
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monospecific meadows at depths from 1–60 meters depending on water clarity. is included in 
the Barcelona Convention’s list of protected species, and is listed in the Habitats Directive (43/92 
CEE) (Manca et al., 2012; Ondiviela et al., 2014). Cymodocea nodosa is a warm water species 
found mostly in the subtidal and widely distributed in the Mediterranean, Canary Islands and 
down the North African coast (Ondiviela et al., 2014). 
3.2.2.3.2. Use of Sea Grass in coastal protection 
 
3.2.2.3.2.1. Laboratory experiments 
Manca et al. (2012) performed a series of experiments in the CIEM (Canal d’Investigacio ́ i 
Experimentacio ́ Marıtima) wave flume at the Universitat Politècnica de Catalunya, Barcelona, 
aimed at measuring wave energy dissipation over a full scale artificial P. oceanica meadow in 
shallow waters, as well as flow transformations, with the following aims: to relate wave energy 
reduction, expressed as wave energy dissipation factor and oscillatory flow dissipation within 
the lower canopy, to wave conditions (wave orbital amplitude); to investigate how friction over 
shallow submerged artificial P. oceanica relates to existing empirical models on friction over 
rough immobile beds; to evaluate, from irregular wave tests, whether wave energy and flows 
are dissipated at different rates at different components of the wave spectrum; and to extend 
preliminary results on the effect of stem density and submergence ratio on flow and wave height 
attenuation by P. oceanica mimics.  
The flume was 100 m long, 5 m deep and 3 m wide. Waves were generated by a wedge type 
paddle controlled by a computer using an active wave absorption system designed to limit wave 
reflection within the flume. A sandy slope, with a gradient of 1/15, was built at the opposite end 
of the flume to the wave paddle to further reduce wave reflection. Reflection induced by the 
flume was on average less than 10% over all tests. As this value is relatively small, the effects of 
wave reflection on the result can be considered negligible (Manca et al., 2012).  
The full-scale seagrass mimics were made of polypropylene strips, carefully designed to re-
produce the flexibility and buoyancy properties typical of the natural P. oceanica plants. To 
simulate the plant morphology, each mimic was a compose of four blades of two lengths (one 
pair of 35 cm and a pair of 55 cm leaves). The leaves were inserted into a stiff 10.0 cm long rod, 
made of PVC, and introduced into perforated metal board and covered with about 2 cm to 4 cm 
of sand. About 4 cm of the rod was protruding from the sandy bed, to simulate the stiff rhizome 
of the plant. The canopy reached a maximum elevation of 55 cm from the sandy bed, when not 
exposed to waves, lying within the range of natural values of Posidonia canopy height. The 
mimics reproduced the typical ‘‘whip-like’’ movement of seagrass plants under waves during 
the full-scale experiments in the CIEM flume, as also observed in the field and reported in 
literature (Manca et al., 2012).  
Seventy-five tests with both regular and irregular waves were performed and analyzed with 
wave heights and periods commonly observed in the Mediterranean Sea and measured in the 
field over a shallow P. oceanica bed. For irregular wave tests, Jonswap spectra with a peak 
enhancement factor of 3.3 were produced. Water depth was varied between 1.1 m and 1.7 m 
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(at the seagrass patch) to obtain four different submergence ratios  and two different plant 
densities (360 and 180 stems/m2 in staggered and non-staggered configuration, respectively) 
were tested (Manca et al., 2012). In natural P. oceanica beds, the stem density (number of stems 
per square meter) is variable, ranging from 150 to over 700 stems/ m2.  
Another laboratory experiment with Posidonia oceanica was carried out in the CIEM wave flume 
(Canal d'Investigació i Experimentació Marítima) at the Universitat Politècnica de Catalunya, 
Barcelona by Koftis et al. (2013) (Figure 29). The main objectives were: the degree of wave height 
damping; the efficient numerical modeling of such flows that strongly depend on the estimation 
of the meadow drag coefficient; and the attenuation of wave-induced velocities. 
 
Figure 29: Scheme of the wave flume in the CIEM. Source: Koftis et al., 2013. 
A typical physical P. oceanica stem is composed of four to eight ribbon-like leaves, each of them 
1 cm wide, 1 mm thick and up to 1 m long. The density of the prototype plant, ranges from 800 
to 1200 kg/m3 and the modulus of elasticity, ranges from 0.41 to 0.53 GPa. The plant's stem 
density can vary from sparse (150 stems/m2) found in deeper waters to dense (>700 stems/m2).  
Each stem of the artificial plant was composed of four leaves with 1 cm width and 1 mm 
thickness and variable leaf length; one pair of 35 cm long leaves, and another pair of 55 cm 
length. The leaves were inserted in a stiff 10.0 cm long rod, made of PVC, which was then placed 
in a metal board forming the artificial meadow. Two different stem density patterns were 
reproduced; a high density configuration with N = 360 stems/m2, representative of a dense 
Posidonia meadow patch and an average one, with N = 180 stems/m2. The density and the 
modulus of elasticity of the PVC material used were 550–700 kg/m3 and 0.903 GPa, respectively 
(Koftis et al., 2013).  
The wave conditions were selected in order to reproduce mild wave conditions of the 
Mediterranean Sea where P. oceanica is mainly found. Jonswap spectrum, was used for the 
generation of irregular waves with the significant wave height (Hs) ranging from 0.28 m to 0.40 
m and the peak wave period (Tp) from 2.0 s to 4.5 s, for intermediate to shallow waters. The 
water depth in the flume, at the location of the meadow, h, ranged between 1.10 m and 1.70 
m, resulting in a range of the submergence ratio α (=Hs/h) from 0.32 to 0.50 (Koftis et al., 2013).  
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3.2.2.3.2.2. Field experiments 
Gracia and Duarte (2001), tested the hypotheses that sediment deposition is higher under the 
seagrass canopy compared to unvegetated sediments, and that sediment resuspension is more 
significant in the absence of vegetation. The study was conducted in a P. oceanica meadow and 
adjacent unvegetated sandy bottom at 15 m depth at Fanals Point (40 41 N, 2 52 E; Spain). Both 
areas of study were situated parallel to shore and separated 20 m from each other. The sandy 
area corresponded to a transitional zone between the meadow and the rocks from the cliffs. 
Fanals Point is an open area of the NE Spanish Mediterranean littoral, with negligible tidal 
ranges, exposed to waves and occasionally strong long-shore currents. Near bottom velocities 
range from 2 to 10 cm/s under moderate wind conditions and the dominant forcing is provided 
by wind and swell waves with periods from 3 s to 15 s. The biomass of the P. oceanica meadow 
at Fanals is amongst the highest recorded at depths >10m. The interaction between the top of 
the plant canopy and the water flow in this meadow has been reported to produce frictional 
velocities of about 0.5 cm/s, raising the effective bottom boundary layer by about 10 cm 
compared to unvegetated sediments.  
Total and resuspended sedimentary flux was monitored inside the meadow and on bare sand 
using small sediment traps from May 1997 until June 1998. Traps consisted of 20.5 ml cylindrical 
glass attached in groups of five, about 4 cm apart from each other, in 30 cm long horizontal 
stainless steel rods. The depth of the station studied, about 15 m, together with the coarse 
nature of the sediments, ensured that sediment resuspension did not reach far above the 
sediment surface. Sediment samples were collected in October 1997 using a 20 cm diameter 
corer to measure sediment densities inside and outside the meadow. The potential sediment 
erosion was estimated from measurements of maximum resuspension rates combined with the 
measured sediment densities and the water content of the sediments from inside and outside 
the meadow (Gracia and Duarte, 2001).  
Katwijk et al. (2010) tested whether the exceptions to the sediment trapping paradigm could be 
related to plant cover in combination with environmental conditions, investigating sediment 
modification under influence of seagrass presence in various, mainly annual seagrass (Zostera 
marina) beds and performed a number of additional transplantations.  
The bare-root transplantation method was used. At the relatively exposed transplantation site, 
vegetation was planted in two densities, 5 and 14 plants m2, which is within the range of 
densities in natural beds. To test for effects of vegetation presence, sediments inside the 
vegetation and in adjacent bare areas were sampled. Sediment samples were taken in late 
summer. Three sediment cores with a diameter of 2.8 cm, and 15-20 cm deep were collected 
and pooled per replica before mixing and storage at 18°C. Generally, three replicates (each 
consisting of 3 pooled cores) per site and transplantation unit were taken inside the vegetation 
and in adjacent bare areas (located within 5-10 m distance of the vegetation). Sediment samples 
were freeze-dried and sieved (1 mm) to remove small pieces of shell and were analyzed with a 
Malvern Laser Particle Sizer. Sediment particles were categorized into fractions <16 mm, 16-63 
mm, >63 mm and organic matter (% carbon). Organic matter content of the sediment samples 
of 1998 was analyzed by weight loss on ignition (500°C, 4 h) (Katwijk et al., 2010).  
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Christianen et al. (2013) conducted a field experiment with the aim of answering the following 
unknowns: if intensively grazed seagrass meadows with a very low-biomass canopy contribute 
to coastal protection by stabilizing the sediment against wave induced erosion; if the importance 
of the sediment stabilizing effect of seagrass changes along a cross-shore profile and; if the 
sediment stabilization by seagrass meadows depends on the height of the canopy.  
The study was conducted on a subtidal seagrass meadow that covers the fringing reef flat of 
Derawan Island, Indonesia (2°17’19’N, 118°14’53’E). The seagrass meadows are dominated by 
Halodule uninervis growing on carbonate sediment. The carbonate substrate had a median grain 
size of 591mm and did not differ significantly between stations. The hair-like leaves were short 
(5 cm), narrow (1 mm) and thin (0.2 mm). Shoot density was 3335 shoots/ m2 and shoots only 
had 1 leave per shoot. Aboveground biomass was 11.4g DW m-2 (grams per dry weight per 
square meter), and belowground biomass 52g DW m-2. During the experiment (December 2011 
–February 2012) spring tidal range was 2.9 m (Christianen et al., 2013).  
Nita et al. (2014), aimed to prove that the brown 
alga Cystoseira barbata and the dwarf eelgrass 
Zostera noltei are suitable for transplantation, 
with the aim of regenerating the underwater 
vegetation covering the Romanian nearshore 
(Figure 30). The harvesting site of the sample to 
be translocated was selected in the nearhsore 
area of the Venus resort, in a bay with rocky 
substrate, where the species are abundant, 
being encountered close to the shoreline. The 
transplanting method proper consisted in 
collecting (harvesting) by snorkeling rocks with 
reasonable sizes, with Cystoseira barbata fixed on them, from the bay in Venus, where the 
occurrence of such rocks was confirmed during previous surveys.  
Water depth in the best positioned site where the brown alga was translocated is 1-2 m, being 
similar to the harvesting area. Subsequently, each Cystoseira barbata sample was carefully 
placed between other rocks on the substrate, to provide the best fixation and resistance to the 
rough hydrodynamics typical of the cold season. This operation was performed by snorkeling. 
The transplantation method of the dwarf eelgrass involved using an autonomous diver. Seagrass 
samples were collected and moved to the selected area. Zostera noltei rhizomes were cut using 
a spatula-like tool, practically cutting around each sample and then extracting it from the 
sediment (Nita et al., 2014).  
3.2.2.3.3. Efficiency and factors conditioning the use of Sea Grass  
Gracia and Duarte (2001) observed strong seasonality in canopy height of Posidonia oceanica, 
which ranged between 15 and 70 cm, leaf area index which ranged between 68– 397 cm2 
leaves/shoot, and above ground biomass which ranged between 0.3–2.5 g DW shoot-1. The 
maximum values were observed in July and August, they declined in October, and reached a 
Figure 30: Zostera nolteii at the Romanian                       
nearshore. Source: Nita et al., 2014. 
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minimum between November and December, to recover slowly from January to March, when 
significant growth was again recorded. The summer and early autumn were characterized by 
low deposition rates, consistent with the low particle concentration in the water column (and 
the low frequency of storms inducing turbulence at the bottom). Yet, episodic events involving 
rainfall and rough seas resulted in high depositional fluxes in spring, late autumn and winter, 
combining resuspension and the input of suspended particles from the nearby river (Tordera 
River).  
The significantly lower depositional rates within the plant canopy compared to the unvegetated 
floor are probably attributable to the reduced turbulence inside the canopy, which buffers 
resuspension. Evidence of increased primary deposition within the P. oceanica canopy was 
found in two out of the 12 samplings, and even in those events, the effect was modest (<30% 
increase). The effect of the canopy on the annual primary deposition was most pronounced 
during the winter when canopy height was low. Sediment densities did not differ inside and 
outside the meadow, although there was a tendency towards sediments with higher densities 
inside the meadow compared to the areas over bare sand. The potential sediment erosion 
associated with resuspension events averaged 0.35 cm/day on bare sand and was significantly 
lower (0.10 cm/day) inside the meadow (Gracia and Duarte, 2001).  
This conclusion is in contrast with the general opinion that seagrasses enhance sediment 
deposition and suggest that the mechanisms of particle trapping within seagrass meadows are 
complex and may vary within systems. To illustrate this point, recent studies on a shallow 
Thalassia testudinum bed in Florida have shown that resuspension of particles can be enhanced 
via flow intensification near the bottom in shallow seagrass stands exposed to intense tidal 
currents. However, in the Mediterranean littoral, the data show that the presence of P. oceanica 
enhances sediment stability by preventing resuspension, despite a marginal effect of the 
vegetation on the primary sediment deposition (Gracia and Duarte, 2001). .  
The range of total deposition captured at Fanals Point varied between 1,5 and 500 g DW m2d-1. 
On an annual basis, primary deposition accounted for 4,190 g DW m2 y-1 inside the meadow, and 
4070 g DW m2 y-1 on bare sand. These rates, in the absence of advection, represent a sediment 
accretion rate of 2 mm m2 y-1  inside the meadow, and fit within the range of vertical rhizome 
elongation (a plant response to sediment accretion) measured for P. oceanica in other Spanish 
Mediterranean meadows. Resuspension events mobilized 24,360 g DW m2 y-1 inside the 
meadow and 76,146 g DW m2 y-1 on bare sand, thus representing 85% of the total deposition 
inside the meadow in Fanals, and 95% of the total deposition on bare sand. The results, 
therefore, confirm the importance of resuspension for the dynamics of sediments in the NW 
Mediterranean littoral, and point out the importance of the vegetation coverage to modulate 
the turbulence at the bottom responsible of sediment resuspension (Gracia and Duarte, 2001). 
.  
Katwijk et al. (2010) found that some of the natural seagrass beds and some of the 
transplantation units, sediment composition differed between vegetated and bare parts. 
Densely covered beds at sandy sites in the Ems Estuary and Balgzand showed a significant 
increase of the fine sediment fractions and organic matter in vegetated parts as compared to 
 
 81 
the unvegetated areas. For example, in unvegetated areas in the Ems Estuary in 1998 the 
sediment fraction between 16 and 63 mm was 10.5% whereas in vegetated areas this amounted 
to 18.3% (Figure 31). Contrasting, the sparsely covered beds at the muddy sites in Terschelling 
showed a significant decrease of fine sediments and organic matter in both years of 
investigation in comparison to unvegetated areas.  
The difference in sediment composition was two- 
directional: densely covered beds at sandy, 
relatively exposed sites showed a clear 
muddification (increase of the fine sediment 
fractions and/or organic matter), whereas 
sparsely covered beds at muddy sites showed a 
sandification. Sparsely covered beds at sandy sites 
showed no difference, nor did densely covered 
beds at muddy sites. Two-way analysis of the 
complete dataset (natural beds and 
transplantations) showed that the increase in mud 
content was negatively related to the sediment 
composition, and positively influenced by 
vegetation cover. The results confirmed that fine sediments and organic matter accumulate in 
dense seagrass beds. However, two new features were uncovered: seagrass bed sediments may 
show an increase in fine materials only when sediments are relatively sandy, because no effect 
was found when the sediments were muddy; and the reverse may happen in muddy sediments 
at low vegetation cover: vegetated sediments were coarser than their unvegetated 
surroundings (sandification) (Katwijk et al., 2010).  
The ability of increasing the fine sediment content and organic matter content at a newly 
colonized location may increase the chance of survival of a seagrass bed by increasing the 
nutrient availability and by enhancing germination. On the other hand, accumulation of fines 
and organic matter may reduce oxygen fluxes into the sediments and increase the (anaerobic) 
respiration, which results in increased sulphide and ammonium levels having adverse effects on 
seagrasses. In addition, accumulation of fine material may reduce sediment stability, which can 
be unfavorable to seagrass (Katwijk et al., 2010).  
Muddification and sandification, may work in favor of seagrass: in sandy, generally nutrient-
poorer conditions, muddification increases the nutrient supply, whereas in muddy sediments 
the threat of anaerobia and/or disruption from the sediment becomes alleviated by the 
sandification. One might even speculate about a self-regulation mechanism to both directions: 
when mud accumulates, anoxia may inhibit seagrass growth, seagrass then becomes sparse, 
thus enhancing turbulence which stimulates resuspension, which causes loss of mud thus 
enhancing conditions for seagrass growth resulting in a denser seagrass bed that causes mud 
accumulation that initially stimulates the seagrass growth by its nutrient supply, but when mud 
accumulates, anoxia results.  
Figure 31: Seagrass planting unit at a sandy site at 
Balgzard. Source: Katwijk et al., 2010. 
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Manca et al. (2012) observed that most of the wave height decay over a flat artificial seagrass 
bed, occurred within the first few meters of the meadow, for both regular and irregular waves. 
In some tests, wave height increased in the first meters of the meadow, before decaying due to 
frictional dissipation. This phenomenon has been recorded in natural shallow seagrass beds and 
it could be explained by local wave interaction (by reflection or diffraction) caused by the sudden 
change in bottom topography encountered by the waves.  
Wave height decay across vegetation has often been used to evaluate its capacity to attenuate 
waves. Several field studies have shown that most of the wave height reduction occurred in the 
first few meters of a vegetation field: wave energy dissipation was found to be maximum at the 
front of salt-marshes, beds of Laminaria hyperborea kelp and shallow seagrass.  
The best correlation coefficient was produced when the hydraulic roughness (r) was 0.08 m for 
a canopy density of 360 stems/m2, and 0.03 m for 180 stems/m2. Wave energy dissipation and 
roughness were larger for the denser canopy, than the less dense canopy. This occurred under 
both regular and irregular waves, in agreement with results from research on other types of 
vegetation. Low energy irregular waves were characterized by energy dissipation factors larger 
than those observed for more energetic tests (Manca et al., 2012).  
The wave-induced component of the flow was reduced inside the canopy and the reduction 
increased with increasing wave orbital amplitude A and stem density. Under irregular waves 
inside the canopy, the velocity reduction induced by the seagrass varied across the spectrum 
and attenuation was largest for the longest wave periods. This pattern has also been observed 
in other very rough beds, but never from data on flexible vegetation mimics, at full scale (Manca 
et al., 2012).  
The denser seagrass meadow produced a greater wave- induced flow reduction in the lower 
canopy, at all wave amplitudes tested. This result is analogous to results from many studies on 
open channel flow or flows in current-dominated vegetated sea beds, where plant canopies with 
high stem density had a larger capacity to attenuate unidirectional flows (Figure 32). High 
submergence ratios (hs/D) produced a larger attenuation of oscillatory flows in the lower 
canopy. This result is also in line with findings from unidirectional flow studies: the greater the 
proportion of the water column that the canopy occupies, the more effective it is at reducing 
unidirectional flows. Furthermore, in a natural P. oceanica meadow, an increase in canopy 
height (hence increase in submergence ratios, hs/D), resulted in an increase in unidirectional 
current reduction (Manca et al., 2012).  
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Another conclusion was that it is 
possible that Posidonia is more 
efficient at reducing wave energy 
during the summer months when its 
leaves are longer and the fair 
weather promotes small amplitude 
waves. In winter, with larger waves 
and reduced canopy biomass, the 
capacity of enhancing friction at the 
bed is reduced. However, under 
these large waves, the plants are still 
capable of producing locally- 
sheltered conditions, as they proved to be very efficient at reducing the wave-induced flow close 
to the bed therefore, reducing also shear stresses and stabilizing locally the sediment. This could 
act against the loss of sediment far offshore during storms, maintaining beach sediment inshore. 
By maintaining a shallower water depth the meadow will also offer some additional protection 
to the landward profile by flattening the slope of the shore face (Manca et al., 2012).  
Koftis et al. (2013) had as main objective to evaluate the effects of P. oceanica meadows on 
wave height and wave orbital velocities. The following conclusions can be derived: for dense 
meadows, the wave height slightly increases due to the sudden local decrease of the “water 
depth”; the dense meadow acts as a ‘rigid’ submerged barrier; the degree of the wave 
attenuation observed is related to the fraction of the water column occupied by the seagrass as 
expressed by the submergence ratio and the stem density; the wave damping increases with an 
increasing submergence ratio and stem density since the wave energy loss over the meadow is 
due to the drag force induced by the vegetation, which is higher when a larger fraction of water 
is within the meadow; the longer waves are mostly attenuated from the meadow with a 
maximum wave height damping ~35% observed for dense plants, as it was expected since for 
longer waves the highest portion of the water column beneath the free surface is under the 
wave motion, so the plant resistance to the flow is stronger; regarding the velocity structure, 
they found that inside the meadow and just above the flume bed, the wave orbital horizontal 
and vertical velocities significantly decreased; this shows the ability of the meadows to diminish 
the sediment suspension under wave action and provide protection against erosion; the 
velocities at the meadow edge are increased and the wave kinetic energy at the peak 
frequencies of the spectrum is amplified, while it is reduced mainly at the low frequencies; the 
longer wave components of the kinetic energy spectrum are mostly attenuated compared to 
the short wave components, which is in accordance with the findings of the wave height 
analysis; the partial energy transfer from the longer period to the shorter period wave 
components, reveals the flow pattern inside the meadow due to the effects introduced in the 
flow by the plant leaves.  
Marjolin et al. (2013) demonstrated that even intensively grazed subtidal seagrass meadows, 
with a very short canopy, can still stabilize sediments effectively. This effect could be due to the 
remainder of the canopy, but although the seagrass has a relatively high density (63,000 shoots 
m-2), the leaves are extremely short and narrow. The aboveground biomass is minimal (610 g m-
Figure 32: Physical process occurring in the interaction between 
flexible seagrasses. Source: Ondiviela et al., 2014. 
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2) and the percentage cover of the sediment is very low (25 %). It is much more likely, therefore, 
that the difference in erosion between grazed vegetation and bare soil under high wave 
conditions is due to the role played by the relatively high belowground biomass. Roots and 
rhizomes can stabilize the sediment by reducing its erodibility. This is an important novel 
addition to the findings of previous studies, which identified the hydrodynamic effect of the 
canopy as the only essential mechanism in sediment stabilization.  
Nita et al. (2014) demonstrated that the Cystoseira barbata and Zostera noltei samples were 
transplanted successfully from the harvesting locations to the new selected sites. The 
monitoring performed to date has revealed the stability of the relocated samples. Provided 
positive results are obtained on the medium and long term. Their experiences can be the turning 
point in starting a wider repopulation program, with the aim of improving marine environment 
quality and life, in general.  
3.2.2.3.4. Conclusions 
From an ecological point of view, seagrasses are habitat-forming ecosystem engineers that 
facilitate many other species and play a relevant role in ecological processes, including trophic 
transfers to adjacent habitats such as saltmarshes, biogenic reefs (e.g. mussel and oyster reefs) 
and soft-bottom invertebrate fauna.  
Seagrass habitats have relatively high primary productivity, and by providing shelter from 
predation, can support high biodiversity and faunal density and biomass. Moreover, they 
provide important nursery grounds and feeding areas. Seagrass beds also improve water 
transparency and quality through trapping and storing solids particles and dissolved nutrients. 
They also supply an important source of carbon to the detrital pool, some of which is exported 
to the deep sea, although much of the excess organic carbon produced is buried within seagrass 
sediments, which are hotspots for carbon sequestration (Ondiviela et al., 2014).  
From a physical point of view, seagrasses are able to significantly influence the hydrodynamic 
environment by reducing current velocity, dissipating wave energy and stabilizing the sediment. 
They modify the habitat they colonize through the increase in sediment deposition and silt 
content. As a result, seagrasses reduce turbidity and increase light availability, which in turn 
promote their growth and reproduction.  
There are three mechanisms that contribute directly to the protection of the coast by decreasing 
the intensity of incoming energy: energy dissipation due to wave breaking; energy dissipation 
due to friction; energy reflection in the offshore direction (Garcia and Duarte, 2001; Manca et 
al., 2012; Koftis et al., 2013). These mechanisms can be triggered by seagrasses as well as by 
other natural or artificial obstacles.  
Seagrass ecosystems provide a complementary benefit: they are capable to protect the coast 
through an indirect mechanism related with their capacity to stabilize and maintain sediments 
in shallow areas (Katwijk et al., 2010). Furthermore, in contrast to artificial structures, natural 
adaptation to climate change is possible for seagrasses which in turns means that they are able 
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to naturally maintain their coastal protection services. For example, increased dissolved CO2 
concentrations promote seagrass growth, increases in water velocity may contribute to plant 
productivity in some locations, increases in sediment load may promote the sedimentation and 
accretion rate and genetic diversity could help the plants to cope with higher temperatures. All 
of these and other mechanisms make seagrasses capable to adapt to climate change if the 
changes occur at slow enough rate to allow such adaptation.  
Submerged seagrasses interact with and modify both current flows and wave action. In the case 
of unidirectional flow (Koftis et al., 2013), seagrass meadows reduce current velocities within 
the canopy through deflection of the water flow over the canopy and loss of momentum within 
the canopy by the frictional effects of vegetation (Figure 33). An accelerated current over the 
canopy (skimming flow) is frequently developed as consequence of the strong discontinuity in 
the drag force between the area occupied by the meadow and the free flow over it. Inside the 
meadow the main mechanism for momentum exchange is the longitudinal advection and the 
turbulence source of the leave wakes.  
In the oscillatory flow the orbital motion produces a periodic movement of the leaves, with the 
amplitude being strongly dependent on the stiffness of the plants (Manca et al., 2012). The 
vertical motion associated to oscillatory conditions enhances the vertical penetration of the 
orbital velocities within the canopy, providing an important mixing layer on the top of it. Leave 
flexibility will influence the height of this mixing layer where water removal and nutrients 
transport is produced. As in the case of unidirectional flow, leave wakes are developed inside 
the meadow generating a reduction of the flow velocity.  
Sediment stabilization by seagrasses makes up an indirect mechanism for coastal protection 
(Christianen et al., 2013). Both reduction in currents and wave attenuation by seagrasses not 
only increase sedimentation rates within meadows, but also decrease the potential for 
resuspension. 
The main dynamic properties affecting the capacity of seagrasses to attenuate flooding and 
erosion are wave period and incident energy flux, although the combination of different 
dynamics (unidirectional and orbital flow and water level) may also play an important role in the 
capacity of water to penetrate into the canopy. Meadows with highest wave attenuation and 
Figure 33: Physical processes related to influence of seagrasses into wave attenuation and coastal 
erosion reduction. Source: Garcia et al., 2017. 
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sediment stabilization capacities may be found at moderately energetic environments and 
under conditions of low period waves (Christianen et al., 2013). 
While P. oceanica only grows in coastal areas, C. nodosa, Z. marina and Z. noltii are also found 
in estuaries and lagoons where wave action is reduced or even not present. Hence, sheltered 
areas and low period waves may represent the optimal conditions for enhancing the coastal 
protection provided by seagrasses (Ondiviela et al., 2014). 
Regarding the ecosystem features, factors such as the relative water depth (water depth/canopy 
height), the relationship between the meadow width and the wavelength of incident dynamics 
or the sediment composition are also essential elements regulating the effectiveness of coastal 
protection. Seagrasses are more successful reducing waves and currents in shallow areas, when 
they occupy a higher proportion of the water column. Precisely in shallow areas, the eelgrass Z. 
noltii and Z. marina can also reach high abundances while occupying a high proportion of the 
water column (Ondiviela et al., 2014). Thus, a higher interaction surface, at the vertical and 
horizontal dimension, between water flow and seagrasses allows increasing the total 
hydrodynamic energy attenuation.  
Stiffness, biomass, density, leaf length and morphology are major biological plant properties 
influencing the coastal protection value of seagrasses. The stiffness of leaves determines the 
drag forces exerted over the plants and the flow penetration in the meadow by leaves bending 
(Ondiviela et al., 2014). The attenuation of wave and currents also depends on the above- 
ground biomass which is highly related with the number of shoots per unit area and number 
and size of leaves. Posidonia oceanica is the European species with the longest and widest 
leaves, the highest number of leaves per shoot and, in addition, the highest above-ground 
biomass. Accordingly, P. oceanica may be one of the species with highest capacity to attenuate 
hydrodynamic energy. In contrast, Z. noltii is the species with the lowest number of leaves, width 
and length, although it can reach very high values of density (22,000 shoots/m2) in the 
Mediterranean. Some species, like Z. marina, show an accelerated flow at the bottom of the 
canopy due to biomass decreases near the bottom. This effect is more marked when the plants 
bend and accumulate more biomass in the upper part of the canopy.  
Sediment stabilization is influenced by the sediment trapping (Katwijk et al., 2010; Marjolijn et 
al., 2013) and flow velocity reduction provided by the above-ground biomass (Koftis et al., 2013), 
but also by the rhizoidal and root system. For that reason, even the species with the lowest 
above-ground biomass must be considered for coastal protection, since it enhances the 
sediment stabilization and thereby the creation of shallows.  
Sea grasses are mostly perennial organisms that may reflect the seasonal environmental 
conditions, although the magnitude of the changes varies among species. Large, long living and 
slow growing species such as P. oceanica, which may live for centuries, are more independent 
from seasonal changes than smaller and faster growing species with a short lifespan. These 
fluctuations are important since seasonal changes might have direct effects on the wave 
attenuation capacity. Wave attenuation typically increases with standing biomass, shoot density 
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and leaf length. Thereby, wave attenuation is far from constant in time and might also fluctuate 
spatially, seasonally and interannually (Ondiviela et al., 2014).  
Except for P. oceanica that grows more independently of seasonal variations in environmental 
factors, biomass, shoot density and leaf length of European seagrasses are maximum during 
summer and minimal in the winter when growth almost ceases. The observed values at 
Santander (Spanish Atlantic coast) for Z. marina and Z. noltii confirm seasonal fluctuations in the 
above-ground biomass, shoot density and leaf length. The detected pattern shows a noticeable 
peak for both species in summer (July–October), coincidence with the maximum values of water 
temperature, and a decrease in autumn and winter (October–January). The seasonal patterns 
result in the absence of high biomass meadows in those periods with the strongest winds, 
highest waves and highest storm surges (October to March). Thus, the seasonality of seagrass 
growth imposes seasonal changes in the wave attenuation capacities and sediment trapping, 
with lowest effects when hydrodynamic forcing are the strongest. Moreover, the relationship of 
the above-ground biomass with the water temperature highlights the incidence that global 
warming effect might have on coastal protection provided by seagrasses (Ondiviela et al., 2014).  
Overall, the trends of seawater warming, increasing storms and sea level rise, together with the 
increasing population and anthropogenic threats in the coastal area may lead to rates of change 
too fast to allow seagrasses to adapt and maintain their coastal defense service.  
The climate change is expected to affect species of P. oceanica increasing the mortality rates up 
to three times with a 3°C increase in maximum annual seawater temperature. Likewise, the 
increase in intensity and frequency of storms may prevent the reestablishment of slow growing 
seagrasses such as P. oceanica, promoting plants uprooting or burying and increasing the risk of 
coastal erosion. Finally, sea level rise will cause an increase in the water depth, with the 
consequent reduction of available light at the bed, the intrusion of seawater into estuaries and 
rivers and changes in the currents. The expected response of seagrass communities will be a 
reduction in the distribution area and changes in the structure and functional values.  
The main conclusion achieved is that seagrass meadows cannot protect shorelines in every 
location and/or scenario. The efficiency of the protection depends largely on the incident energy 
flux, density, standing biomass and plant stiffness. The optimal conditions for enhancing the 
defense provided might be achieved at shallow waters and low wave energy environments, with 
high interaction surface, in the vertical and horizontal dimension, between water flow and 
seagrasses, but less so when hydrodynamic conditions are more severe. Likewise, the most 
favorable protection might be offered by large, long living and slow growing seagrass species, 
with biomass being largely independent of seasonal fluctuations and with the maximum 
standing biomass reached under the highest hydrodynamics forcing.  
Only one important pilot project promoted by the government of the Netherlands and several 
associations was put into practice in the Wadden Sea on the Netherlands coast: the restoration 
of sea grass with protection purposes. The project lasted several decades (1989-2017) but no 
profitable conclusions were obtained due to a lack of previous research and a conflict of interest 
between many of the implicated ones (Floor et al., 2018).  
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Taking into account all the data, the Technology Readiness Level might be 6 as further research 
must be done on the basic parameters of the sea grass in order to fully develop a pilot project 
with a firm foundation that will guarantee proper conclusions on its usability as a coastal 
























3.3.  RESULTS 
 
Figure 34, shows an approximation of the location where the experiments previously described 
were held around the World. 
 
The tables (Table 2, Table 3 and Table 4) summarize the most relevant results from each of the 
Nature-Based Solutions. 
 
NBS SPECIES REGIONS 
Wetalnds Puccinellia maritima, Elymus 
athericus, Spartina anglica, 
Scirpus maritimus, Spartina 
alterniflora 
Temperate Climate, Tropical 
climate 
Shellfish reefs Crassostrea virginica, Crassostrea 
Gigas 
Temperate Clmate 
Seagrass Zostera marina, Zostera noltii, 
Posidonia oceanica, Cymodocea 
nodosa  




--------- No specific climate  
Mangroves Rhizophora mangle, Laguncularia 
racemosa, Rhizophora stylosa,  
Avicennia germinans 
Tropical climate, subtropical 
climate 
Dunes Ammophila breviligulata, Uniola 
paniculata, Ammophila arenaria 
Closely related to the NBS 
which is going to work along. 
Coral reef Coral reef Tropical climate 
Table  2: Species and regions. 
 
Figure 34: Studies distributed around the World. Coral Reef- Red; Shellfish Reef - Rose; Smart Sand Nourishment - Light Blue; 




NBS ECOSYSTEM SERVICES EFFECTIVITY 
Wetalnds Salt marshes provide rare and unique habitats supporting nursery grounds for fishes and 
breeding/feeding grounds for birds. They also filter nutrients and pollutants from tidal 
waters and supply abundant organic matter. 
Peak surge levels are reduced by on average 1 m for every 14.5 km. hurricane surge 
attenuation rates of 9.4 cm/km. Effectiveness of storm surge attenuation also markedly 
increases with higher ratios of marsh vegetation to open water, implying that patchy patterns 
of gradual marsh degradation, lead to loss the storm protection function of marshes. 
Attenuation rates for marshes with 0 to 50% of die-off between 0.06 and 0.09 m/km for the 
first 10 km of marsh, and between 0.15 and 0.23 m/km for the next 5 km. The presence of 
vegetation leads to an additional reduction rate of the significant wave height of 25–50% with 
respect to the dissipation by only wave breaking and bottom friction on the sloping transects. 
Spartina is relatively stable with a mean critical orbital velocity in the order of 0.5-1.2 m/s. 
The stability of Scirpus is lower, because of its smaller strength, lower flexibility and longer 
stems, with a mean critical orbital velocity of 0.3-1.0 m/s. Marsh has to have 6-10 km of width 
to properly attenuate storm surge. 
Shellfish reefs Enhanced wildstock populations; improved water quality (clarity), benthic pelagic 
coupling, nutrient sequestration/denitrification and hypoxia; habitat for associated 
organisms (finfish and invertebrates) and secondary production; and enhancement of 
adjacent habitat/shoreline  by stabilization reducing erosion. 
Net denitrification rates from 30–56 g N m–2 y–1 and shell and tissue assimilation from 0.2 
per cent and 9.3 per cent N g–1 dw. The ecosystem engineering effect (considered to be the 
difference in elevation change within the oyster reef’s footprint relative to the surrounding 
tidal flat elevation change) of oyster reefs ranged in the order of −1.85 cm year−1 and +3.60 
cm year−1. A suggested minimum value or range for subtidal reefs encountering low 
Dissolved Oxygen (DO) is 0.5–1 m. Intertidal oysters in the have to be below MLW to about 1 
m above MLW. 
Seagrass Seagrass habitats have relatively high primary productivity, and by providing shelter from 
predation, can support high biodiversity and faunal density and biomass. Moreover, they 
provide important nursery grounds and feeding areas. Seagrass beds also improve water 
transparency and quality through trapping and storing solids particles and dissolved 
nutrients. They also supply an important source of carbon to the detrital pool, some of 
which is exported to the deep sea. Like other seagrass species, it affects hydrodynamic 
conditions which in turn control sediment re-suspension  as well as key ecological 
processes such as nutrient uptake, larval dispersal and recruitment.   
Resuspension events mobilized 24 360 g DW m -2 y -1 inside the meadow and 76 146 g DW m 
-2 y -1 on bare sand, thus representing 85% of the total deposition inside the meadow and 
95% of the total deposition on bare sand. In unvegetated areas the sediment fraction 
between 16 and 63 mm was 10.5% whereas in vegetated areas this amounted to 18.3%. An 
increase in canopy height (hence increase in submergence ratios, hs/D), resulted in an 
increase in unidirectional current reduction. Seagrasses are more successful reducing waves 
and currents in shallow areas, when they occupy a higher proportion of the water column.  
Smart sand 
nourishment 
---------- The current studies focuses on coasts with mesotidal conditions (tidal range < 2 m; nearshore 
currents < 0.3 m/s) which are dominated by waves with a small angle of wave incidence (<30 
with shore-normal at the point of wave breaking). Compaction may be three or four times 
higher than on the original beach. Generally, a number of smaller projects (5800m length of 
shore) is preferred over a single large nourishment project.  
Mangroves Numerous studies show that mangroves provide nursery habitat for juvenile coral reef 
fishes of many species. It has been showed that mangroves, especially the prop roots of 
Rhizophora provide structural heterogeneity that is favorable both to prey attempting to 
avoid predators and to predatory fish searching for invertebrate prey hiding within the 
root structure. Mangroves also serve as sinks for carbon, not only through accumulation 
of living biomass, but also through litter and dead wood deposition, including the 
trapping of sediments delivered from the uplands.   
If the maximum wave height and velocity at the shore without a mangrove forest is 1.0 m and 
1.0 m/s, respectively, then in the presence of a mangrove forest of 100 m width (or 1% of 
wavelength of 10 km), the maximum wave height and velocity will be reduced to 0.78 m and 
0.73 m/s, respectively. Similarly in the presence of the mangrove forest of 500 m width (or 5% 
of wave length of 10 km), the maximum wave height and velocity will be reduced to 0.55 m 
and 0.50 m/s, respectively. With a 1 km mangrove zone, surge amplitudes at the front of the 
mangrove zone increase by 3-18% compared to surge amplitudes there computed without 
mangroves. Surge amplitudes at the back of the mangrove zone are initially reduced 
drastically by 16-30%, compared to surge amplitudes at the front of the mangrove zone, and 
then exhibit a gradual decay pattern. With a 3 km mangrove zone, surge amplitudes increase 
and decrease by about 9-32% and 46-57%, respectively, at the front and back of the 
mangrove zone. With a 5 km mangrove zone, surge amplitudes at the back of the mangrove 
zone are reduced by 54-71%. Surge amplitudes at the front of the mangrove zone increase by 
12-34%, changing little in comparison to surge amplitudes with a 3 km mangrove zone. With a 
7 km mangrove zone, surge amplitudes at the back of the mangrove zone decrease by more 
than 72-86%, largely reducing the impact of storm surges to the ecosystems behind the 
mangrove zone. With a 10 km mangrove zone, surge amplitudes at the front and back of 
mangroves change little along the four profiles, compared to those of the 7 km mangrove 
zone. The mangrove forests with widths of 6-30 km can attenuated storm surges from a 
Category 3 hurricane. Sedimentation rates correlate with root density and between 70 and 
80% of suspended sediment brought in from coastal waters may be trapped in mangroves. 
Dunes Provisioning (fresh water, food, fiber and fuel, mineral extraction, etc.), regulatory (water 
storage, storm protection, purification of water, among others), cultural (cultural 
heritage, recreation and tourism, aesthetic value, social relations) and supporting (soil 
formation, nutrient cycling and provision of habitat). 
Coastal dune development is directly related to the growth response of marram grass 
(Ammophila arenaria) due to positive feedback to sand burial. The maximum tolerance of 
Ammophila arenaria to sand burial is between 0.78 and 0.96 meter of sand per growing 
season; and the optimal sand burial rate for which the growth response of Ammophila 
arenaria obtains its maximum, is found to be around 0.31 m of sand per growing season. It is 
advisble to o keep the vegetation cover in low or mid conditions in order to maintain the 
natural dynamism and sediment movement across the beach–dune profile, which is 
equivalent 5 to 12 branches per square meter. 
Coral reef As the foundation for complex food webs, coral reefs support an incredible diversity of 
fish. Algae, soft coral, sponges and invertebrates create the base of this web. From small 
herbivorous fish to large predatory fish, all find food and protection on the reef. Most 
corals and sponges are filter feeders, which means that they consume particulate matter 
suspended in the water column. This contributes to enhanced quality and clarity of our 
near shore waters. 
 the range of wave heights in which the coral reef was tested was from 1-3 m and 3-6 m form 
swell waves; periods ranged from 6-10 s and 7-20 s to swell waves; winds went from 5-12 m/s 
and tidal range averaged 0,6-1,1 m. Reef crests dissipated on average 86% of the incident 
wave energy; reef flats dissipated 65% of the remaining wave energy; and the whole reef 
accounted for a total wave energy reduction of 97%. The reef crest reduced wave height by 
64%. The reef flat reduced wave height by 43%. The whole reef reduced wave height by 84%.  
The effects of the whole reef in dissipating wave energy were linear from small through 
hurricane-level waves, that is, the reefs reduced a consistent 97% percent of the incident 
wave energy. After passing over the crest, waves were attenuated significantly across wider 
reef flats. However, most of the wave attenuation happened in the first part of the reef flat; 
50% of the reduction in both wave energy and height occurred within 150 m from the reef 
crest in the experiments. 















NBS LIMITATIONS CLIMATE CHANGE THREATS TRL 
Wetalnds Attenuation rates are generally higher for shallow to moderate storm surge levels and 
decrease for more extreme storm surges that deeply submerge the marshes. Marsh 
frictional effects on the storm surge attenuation relatively decrease with increasing 
water depth on the marsh. Marshes with a sediment accretion deficit and consequently 
decreasing surface elevation relative to rising sea level, lose their effectiveness for storm 
surge protection.  The dissipation of wind waves increases with increasing relative wave 
height (the ratio between wave height and water depth) and decreasing submergence 
(ratio between water depth and plant height). More rigid plants can reach breakage 
(from medium orbital velocities), increase turbulence and sediment scouring around the 
stems, and cause more erosion due to increased shear stress values.  
 The models predict marsh submergence of 6–14 cm in response to historical sea-
level acceleration, and submergence of 3–4 cm in response to future sea-level 
acceleration. While marshes high in the tidal frame should be resilient to these depth 
changes, historical sea-level acceleration could be responsible for deterioration of 
marshes already low in the tidal frame, or in low tidal range environments. Models 
predict that marshes would survive this rate of relative SLR at sediment 
concentrations measured of 70 mg/L, but submerge at concentrations of 20 mg/L. 
9 
Shellfish reefs Non-native species condition the survivance of the shellfish reef as they are fighting for 
the same resources and changing the habitat conditions. Shellfish restoration or 
reimplantation is limited to areas were they had  already been living. Reduced levels of 
dissolved oxygen (<2 mg L–1), especially for extended durations of days to weeks, can 
cause significant oyster and associated species mortality. Extreme temperatures can 
increase mortality fast. Oyster reef aerial exposure can greatly influence oyster 
reproduction, disease susceptibility, and responses to other anthropogenic stressors. 
Sea level rise; ocean and nearshore acidification and related changes in pH; rising 
temperatures impacting diseases and species ranges; rainfall and salinity shifts. 
3 
Seagrass Strong seasonality; the summer and early autumn were characterized by low deposition 
rates, consistent with the low particle concentration in the water column (and the low 
frequency of storms inducing turbulence at the bottom). Posidonia is more efficient at 
reducing wave energy during the summer months when its leaves are longer and the fair 
weather promotes small amplitude waves. In winter, with larger waves and reduced 
canopy biomass, the capacity of enhancing friction at the bed is reduced.  
The trends of seawater warming, increasing storms and sea level rise, together with 
the increasing population and anthropogenic threats in the coastal area may lead to 
rates of change too fast to allow seagrasses to adapt and maintain their coastal 
defense service.  
The climate change is expected to affect species of P. oceanica with mortality rates 
up to three times with a 3 °C increase in maximum annual seawater temperature. 
Likewise, the increase in intensity and frequency of storms may prevent the 
reestablishment of slow growing seagrasses such as P. oceanica, promoting plants 




 Wave effects, leading to wave-driven currents and enhanced bed shear stresses, 
contribute to approximately 75% of the total erosion volume. Sand nourishment it is not 
a 100% ecofriendly solution; it affects microphytobenthos, vascular plants, terrestrial 
arthropods, marine zoobenthos and avifauna. Grain size and composition of the original 
sand have to be used in order not to affect the ecosystem. When aiming at a minimal 
ecological impact, nourishment should be completed within a single winter, starting 
after October and ending around March. The coast has to be periodically nourished (3-
10 years). 
As more powerful wind events are hindcasted due to the climate change, in addition 
to the sea level rise, sand nourishment in the future will be less effective as more 
regular nourishments had to be done in order to keep with the climate. 
9 
Mangroves Mangroves grow in harsh environmental settings, such as, high salinity, high 
temperature, high sedimentation, extreme tides, and anaerobic soils. Replanting success 
low between 10-20 %. 
Because of their landscape position in the intertidal zone, mangroves are directly 
affected by SLR, but the effects will depend on local topography, slope, the rate of 
SLR, sources and amount of sediment, and extent of area for landward migration. 
Vertical sediment accumulation in mangrove root systems may allow mangroves to 
keep up with the rate of SLR in areas of higher elevation and those with relatively low 
tidal range, whereas areas of lower elevation and those with greater tidal range may 
not be able to keep pace with SLR. Where possible, mangroves will continue to 
progressively move inland as sea levels rise, to areas where suitable conditions occur. 
Rising global temperature may have little effect on areas already occupied by 
mangroves in the tropics, but could allow them to migrate and colonize farther 
poleward. Increasing carbon dioxide and nitrogen enrichment can augment the 
ability of Spartina to suppress growth of mangrove seedlings, and thus change the 
competitive relationship between the vegetation types. 
9 
Dunes Its stability relies on the vegetation planted, so if vegetation disappears, the capabilities 
of the dunes to cope with the effects of the waves and the wind will be non-reliable. 
Native species will be easily stablished but non-native will be influenced salt spray and 
high rates of burial by sand, both of which can limit the establishment. Distance to the 
coastline, the mean grain-size, the organic matter concentration and the shoreline trend 
constitute the most important parameters able to significantly affect the plant 
composition. Stress and disturbance rather than competition are the most important 
structuring factors in Mediterranean coastal dune plant communities. Maintaining 
abnormally high vegetation or unnatural cover is greater erosion in the long-term as the 
profile becomes too steep and near-shore scouring and eventual sediment export 
occurs.  
When sea level rise results in smaller beaches, dune erosion will increase, as less 
energy will be dissipated by the beaches. In some cases, landward retreat can take 
place while coastal dunes maintain their volume. It was predicted that by 2100 there 
would be an 8 % increase in dune erosion volumes for a sea level rise of 0.4 m. By 
2050, this increase would be smaller as sea level rise is expected to be between 0.15 
and 0.35 m. Due to decreasing precipitation in the growing season and increasing 
potential evaporation, the moisture deficit for coastal dune vegetation will increase 
under climate change. This deficit, which is defined as the difference between actual 
and potential transpiration, is a measure of water shortage for plants.  
9 
Coral reef Benthic algae and corals compete for space on coral reefs. Algae abundance can actively 
overgrow live corals or passively take over space after corals have died. Its instauration 
on the coast depends on the climate.  
So for the future scenario greater water depths over a fringing reef would reduce 
bottom friction and increase water depth relative to the wave height, resulting in 
larger and more energetic waves that could propagate over the reef crest and reef 
flat without breaking and larger wind-waves develop in situ on the reef flat. As sea 
level rise increases, the larger waves over the reef and the landward migration of the 
zone of primary incident wave breaking will also modify the zone of high turbulence, 
primarily moving it shorewards. Increased water depth would result in stronger 
currents all across the reef due to greater wave-driven flows from larger waves and 
the reduced height of hydrodynamic roughness relative to water depth that would 
allow for faster wind-driven currents to develop.  
7 
Table  4: Limitations, Climate change threats and TRL. 
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4. SWOT Analysis 
 
With all the previous information that has been presented in this work, a SWOT analysis of the 
Nature based Solutions can be done. The SWOT analysis is a strategic planning technique used 





- Environmentally friendly 
- Contribution to the mitigation of the climate change (carbon sequestration) 
- Adaptive measures 
- Economically sustainable 
- Multifunctional 
- Chance to increase accounting for nature 




- Not fully implemented as coastal protection measures 
- Weak monitoring that doesn’t allow a full demonstration of the solution 
- Timing of coastal human needs mismatch the timing of the nature based solutions 
- Efficiency in low or medium energy climate conditions 
- Some solutions have their maximum efficiency during moments of low requirements 




- New business possibilities 
- Eco-tourism market 
- Increase of fish captures 
- Institutionalization of nature’s value 
- Operationalization of sustainability 









- Very sensitive to coastal pollution 
- Sensitive to ocean acidification 
- Sediment transport variability can cause malfunction of the solution. Possible conflicts 
with anthropogenic activities  
- Insufficient funding 




























Worldwide, coastal erosion affects millions of people, infrastructure, tourism, and trade, causing 
significant human suffering and losses. In past years, related insured losses reached an all-time 
high, and impacts are predicted to reach large magnitudes if population growth rates and 
climate change continue to increase.  
Management strategies for coastal erosion must include knowledge and the necessary 
institutional instruments required to minimize or eliminate coastal erosion related impacts. 
Their use must generate an optimal benefit to reducing society's vulnerability due to coastal 
erosion hazards.  
Nature-based solutions provide coastal defense from different natural sources. Although not 
every solution works in every environment, there is a solution for each one. The NBS are more 
flexible that hard engineering solutions, multifunctional for all the ecosystems services that are 
buffed and linked with each solution, and way more sustainable. They are cheaper in economic 
terms and don’t have an impact of the coast as NBS are integrated naturally on the landscape. 
Within the last few years, the Nature-Based approach has received much attention but there 
are still many needs in research, education, and practice that must be covered. As climate 
change raises the risk and incidence of coastal hazards, it is imperative that the scientific 
community continues to examine the role of ecosystems in coastal erosion management.  
Ecosystem functions such as wave attenuation not only have a specific value, but this value is 
also highly dynamic, changing over both space and time, usually in a non-linear way. The 
ecosystem service of coastal protection is also non-linear and dynamic. Although there are 
general commonalities in wave attenuation processes between plant communities, it has been 
showed that there are many important factors, such as plant density and location, species, tidal 
regime, seasons, and latitude, that can also influence the patterns of non-linearity observed. As 
a result, temporal and spatial non-linearity, as well as cumulative effects in wave attenuation, 
must be accounted for, as an accurately estimation of the value of coastal protection is required 
to incorporate it into management decisions.  
Ecosystems are not static, so continuous and iterative research, evaluation, and monitoring are 
essential for active application of this coastal erosion management strategy. Also, to understand 
and monitor the state of the ecosystem, evaluation of management performance is an 
immediate task to determine if implemented Nature-Based strategies are efficient and 
profitable.  
Solving the coastal erosion problem needs application of adequate coastal management 
strategies. In some cases, there is no ‘one and only’ solution that may solve the problem, and 
implementation of a range of different strategies is required. Not all the solutions have been 
proven yet to be completely ready to withstand the constant threats of the sea. It is necessary 
to facilitate application of all existing approaches, and to encourage quantification, monitoring, 
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